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Abstract  
Lept in is an im portant  horm one well known for its role in regulat ing energy 
intake and expenditure.  DNA m ethylat ion levels at  the lept in prom oter in adult  
t issues appear to correlate with environm ental st resses experienced during early 
life. This suggests that , once established in early life, DNA m ethylat ion is stably 
t ransmit ted over successive cell generat ions.  The aim  of the work presented in 
this thesis was to determine factors that  contr ibute to the establishm ent and 
m aintenance of this epigenet ic m ark at  the lept in prom oter and to invest igate 
the individual roles of cytosine m ethylat ion and cytosine hydroxym ethylat ion at  
this genomic locus. 
 
No effect  of a high fat  prenatal diet  was observed on lept in prom oter DNA 
m ethylat ion levels in the adipose t issue of pigs.  However, this genom ic region 
exhibited interm ediate levels of DNA methylat ion, which is usually associated 
with gene silencing, even though adipose t issue is the prim ary site of lept in 
expression. 
 
Double st randed m ethylat ion data obtained from  DNA m ethylt ransferase (DNMT)  
m utant  m ouse em bryonic stem  cells (mESCs)  was used to invest igate the 
cont ribut ions of the three catalyt ically act ive DNMT enzym es to lept in prom oter 
DNA m ethylat ion pat terns.  Deplet ion of DNMT3b resulted in increased 
m ethylat ion levels at  the lept in prom oter, consistent  with prelim inary data from 
m utant  DNMT3b m ouse t issues where similar increases in methylat ion levels 
were observed at  specific CpG dinucleot ides. 
 
Two m ESC lines, either hypom ethylated or hyperm ethylated at  the lept in 
prom oter, were tested for lept in m RNA expression and neither cell line expressed 
lept in m RNA, suggest ing that  some form  of m ethylat ion m ay be required for 
lept in expression.  To further invest igate the relat ionship between DNA 
m ethylat ion and lept in expression, in vit ro different iated adipocytes were 
analysed.  3T3-L1 preadipocytes, which do not  express lept in, exhibit  high levels 
of DNA m ethylat ion and these high m ethylat ion levels are m aintained after the 
cells different iate into lept in-expressing adipocytes.  Induct ion of cytosine 
hydroxym ethylat ion at  the lept in prom oter was detected in different iat ing and 
m ature adipocytes and evidence is presented to suggest  that  cytosine 
hydroxym ethylat ion at  the lept in prom oter correlates with lept in expression.   
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I nt roduct ion 
Lept in is an im portant  horm one with a prom inent  role in the regulat ion of energy 
hom eostasis.  Recent ly it  has em erged that  lept in is im plicated in other body 
processes and also in various disease states, indicat ing that  lept in’s funct ion m ay 
be m ore com plicated than previously thought  (Marget ic et  al, 2002) .  There are 
over 20,000 publicat ions involving lept in and although m any of these explore 
lept in expression, inform at ion on how lept in gene t ranscript ion is regulated is 
lim ited and epigenet ic m echanism s appear to have been overlooked by the 
research com munity.   
The lept in prom oter is a t issue-specific different ially m ethylated region (T-DMR)  
and lies within a CpG r ich region, m aking it  a pr im e target  for epigenet ic 
t ranscript ional regulat ion through the cytosine m odificat ion 5-m ethylcytosine (5-
m C) .  The m ain site of lept in expression is the white adipose t issue which 
exhibit s DNA m ethylat ion at  the lept in promoter in both hum an and m ouse 
(Stöger, 2006) .  This is interest ing as 5-m C is usually affiliated with 
t ranscript ional repression.  The recent  re-discovery of 5-hydroxym ethylcytosine 
(5-hm C)  in m am m alian DNA, another cytosine m odificat ion that  under certain 
experim ental condit ions cannot  be dist inguished from  5-m C (Huang et  al, 2010;  
Nestor et  al, 2010) , m ay provide an explanat ion for these obscure findings. 
Environm ental factors can influence cytosine m odificat ions especially during 
cr it ical windows such as early developm ent .  Cytosine m odificat ions at  the lept in 
prom oter in adult  t issues appear to correlate with st resses experienced during 
early life suggest ing that  once established, cytosine m odificat ions are stably 
t ransmit ted mitot ically over successive cell generat ions and possibly m eiot ically 
through t ransgenerat ional epigenet ic inheritance (Jousse et  al, 2011;  Milagro et  
al, 2009;  Stöger, 2006;  Tobi et  al, 2009) .  
I t  is, therefore, of im portance to determine how this key m etabolic gene is 
t ranscript ionally regulated through cytosine modificat ions and the m echanism s 
by which this locus m aintains or changes its state of cytosine m odificat ion. 
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Chapter  1 . Literature Review  
1 .1  Lept in 
1 .1 .1  An int roduct ion to lept in 
Lept in is a key m etabolic horm one and the journey to it s discovery began in 
1949 at  The Jackson Laboratory.  A spontaneous mutat ion had resulted in mice 
exhibit ing a syndrome of obesit y and over ten years later parabiosis experim ents 
were used to determ ine that  these mice lacked a circulat ing factor.  When this 
factor was reint roduced, the obese phenotype was reversible and, furtherm ore, 
the factor was believed to act  through receptors in the brain as mutant  mice with 
hypothalamic lesions were unaffected (Reviewed by  Flier & Maratos-Flier, 2010) .  
Lept in was finally discovered in 1994 and this was a m ajor advance in m odern 
physiology.  As lit t le was known about  the m echanism s that  cont rolled body 
weight , the discovery of lept in and it s act ions changed our understanding of the 
causes of obesit y (Flier & Maratos-Flier, 2010;  Zhang et  al, 1994) .  Many years 
after the init ial publicat ion that  began the journey to lept in’s discovery (Hervey, 
1959)  we have yet  to fully elucidate it s role in the m amm alian body.   
Although lept in has a prom inent  role in relaying inform at ion about  energy stores 
to the brain (MacDougald et al, 1995;  Morris & Rui, 2009) , there is increasing 
evidence indicat ing that  lept in has a m ore diverse role.  Lept in is m ost  abundant 
in white adipose t issue but  it  is also expressed in other areas of the body.  
Although lept in acts on pathways in the brain, lept in receptors exist  in other 
t issues and organs, and lept in plays an im portant  role in m any peripheral 
pathways (Marget ic et al, 2002) .  Lept in has been linked to such diverse 
processes as reproduct ion (Holness et  al, 1999;  Mantzoros, 2000;  Moschos et  al, 
2002) , osteogenesis (Zaidi et  al, 2012)  and angiogenesis (Bouloum ié et  al, 
1998) .  Abnorm al lept in expression is associated with diseases such as hepat it is 
(Kukla et  al, 2011) , preeclam psia (Marget ic et  al, 2002)  and reproduct ive 
dysfunct ion (Brzechffa et  al, 1996;  Chehab et  al, 1996;  Pandey et  al, 2010) .   
1 .1 .2  The lept in gene 
The lept in gene was init ially ident ified in the m ouse (Zhang et  al, 1994)  but  
orthologous genes have since been ident ified in hum ans and m any other 
m am m alian species (Doyon et  al, 2001) .  For m ost  species only one lept in 
t ranscript  has been ident ified to date.  This t ranscript  produces a protein 
consist ing of 167 amino acid residues (Marget ic et  al, 2002) .  A shorter protein 
coding t ranscript  has now been ident ified in the m ouse (ensem ble annotat ion 
GRCM38)  which produces a shorter protein product  from  the sam e prom oter 
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region.  The lept in prom oter shows a high level of conservat ion between m any 
species (Figure 1.1) .  An enhancer elem ent has also been described for the 
hum an lept in gene which is located 1.9 kb upst ream  of the t ranscript ion start  
site (Bi et  al, 1997) .  I t  has a placental-select ive elem ent  and only funct ions in 
cells of the placenta.  No other species are known to possess this enhancer 
region.  
 
 
 
 
 
 
1 .1 .3  Lept in synthesis 
Lept in m RNA is prim arily expressed in adipocytes and to a lesser extent  in other 
t issues like the ovaries, placenta, skeletal muscle and stom ach (Table 1.1) .  
White adipose t issue is the predom inant  site of lept in synthesis although there is 
som e evidence to suggest  that  brown adipose t issue is also a site for the 
product ion of lept in.  Studies into levels of lept in m RNA in different  sites of 
adipose t issue have shown that  there is site specific variat ion in both hum ans 
and rodents.  For exam ple, in hum ans, lept in m RNA expression is greater in 
subcutaneous fat  depots than in om ental adipose t issue (Marget ic et al, 2002) . 
 
Figure 1 .1  The lept in promoter.   An alignment  of the lept in prom oter shows a high 
level of conservat ion between m any species.  Within the core promoter are two 
WUDQVFULSWLRQIDFWRUELQGLQJVLWHV6SDQG&(%3Į6LWH/3ZKLFKGRHVQRWPDWFK
the recognit ion sequence of any known t ranscript ion factor, binds a factor present  in 
preadipocytes and adipocytes but  not  in other cell types (Mason et al, 1998). For an 
alignment  of species studied see Figure 2.14. Alignment produced using EBI ’s 
ClustalW2. 
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Sex-specific differences have also been observed in lept in synthesis and it  has 
been proposed that  this is because of the st imulat ing role of oestrogens and the 
suppressive effect  of androgens.  Fem ales appear to have higher plasm a lept in 
levels than m ales.  As lept in product ion corresponds to the size of body fat  
stores, this correlat ion between lept in concent rat ions and fat  m ass m ay explain 
why fem ales have higher lept in levels as in general they have a higher 
percentage of body fat  than m en (Wabitsch et al, 1997) .   
 
 
 
 
 
Lept in Lept in Receptor 
W hite adipose t issue 9  
Brow n adipose t issue 9  
Placenta 9 9 
Ovary 9 9 
Stom ach 9  
Skeletal m uscle 9  
Liver 9 (Protein) 9 
Heart 9(Fetal) 9 
 
 
Lept in is t ranslated as a 167 amino acid protein the sequence of which is highly 
conserved between m any species including hum an, m ouse and cow indicat ing 
that  lept in and it s role are im portant .  Lept in is com posed of four very similar Į-
helices and post -t ranslat ional m odificat ions cleave the protein into a funct ional 
m olecule that  consists of two pept ides (Zhang et  al, 1997) . 
1 .1 .4  The lept in receptors 
The anorexigenic effects of lept in are m ediated through the interact ion of lept in 
with the lept in receptor (Ob-R)  which is a mem ber of the cytokine receptor 
fam ily.  Lept in protein is secreted into the blood and t ravels across the blood-
brain barrier into the cent ral nervous system  (CNS)  where it  can act  on a lept in 
receptor expressing area of the hypothalam us called the arcuate nucleus (ARC)  
(Myers, 2004) . 
The Ob-R gene is located on chrom osom e 1 and 4 in the hum an and m ouse 
genom es, respect ively.  At  least  six splice variants of the lept in receptor exist  
(nam ed Ob-Ra to Ob-Rf)  all of which are the product  of the Ob-R gene and are 
the result  of alternat ive m RNA splicing.  I t  is thought  that  each splice variant  has 
a different  funct ion (Marget ic et  al, 2002) . 
Table 1 .1  Sites of lept in mRNA expression.  Leptin m RNA is expressed in various 
t issues in both hum an and m ouse.  Corresponding sites of lept in receptor m RNA 
expression are also indicated (Marget ic et  al,  2002). 
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Lept in receptor isoform s can be divided into three groups:  long, short  and 
secreted.  The long form , Ob-Rb, is the only isoform  that  can m ediate lept in 
signalling.  This is because it  is the only isoform  that  has a full length 
int racellular signalling dom ain.  The short  and long isoforms have ident ical 
ext racellular and t ransm em brane dom ains and the sam e first  29 am ino acids of 
the int racellular dom ain but  differ in sequence after because of alternat ive 
splicing.  The secreted form , Ob-Re, contains only the ext racellular dom ain.  The 
funct ions of the short  (Ob-Ra, Ob-Rc, Ob-Rd and Ob-Rf)  and secreted (Ob-Re)  
isoforms is unclear, however, it  has been proposed that  the short  form s facilit ate 
the t ransport  of lept in across the blood-brain barr ier and as the secreted form  
consists of just  the ext racellular dom ain that  binds circulat ing lept in, it  is thought  
that  Ob-Re regulates the concent rat ions of free lept in (Munzberg et al, 2005) . 
 
The hum an and murine lept in receptors share a high level of amino acid 
sequence hom ology within both the int racellular (71% )  and extracellular 
dom ains (78% ) (Tartaglia, 1997) .  Ob-Ra and Ob-Rb appear to be well 
conserved am ong m any species although this cannot  be said for other isoforms 
(Munzberg et  al, 2005) 
 
1 .1 .5  Lept in signalling 
Lept in is the prim ary adipose horm one that  relays inform at ion about  energy 
stores to the brain through interact ion with the lept in receptor (Figure 1.2) .  The 
lept in receptor is expressed in various regions of the brain and within the 
hypothalamus lept in can act  on two sub-populat ions of Ob-Rb expressing 
neurons within the ARC of the hypothalam us to m ediate its anorexigenic effect  
(Morr is & Rui, 2009) . 
 
As energy levels in the body r ise and becom e adequate insulin is released which 
signals the body to start  storing glycogen and also induces the product ion of 
lept in in adipocytes which is secreted into the blood (MacDougald et al, 1995) .  
For lept in to enter the cent ral nervous system and reach the hypothalamus it  
m ust  pass through the blood-brain barr ier and/ or blood-cerebrospinal fluid 
barr ier.  I t  is possible that  the short  isoforms of the lept in receptor act  as 
t ransporters and that  Ob-Ra m ay be responsible for t ransport ing lept in from  the 
peripheral blood and into the CNS but  it  is also argued that  t ransporters com e 
from  a different  or igin (Kawam ura et  al, 2002)  (Ziylan et  al, 2009) . 
  
6 
 
 
Figure 1 .2  Leptin as a sat iety factor.  Lept in’s prim ary role is as a sat iety factor in 
energy hom eostasis.  Lept in is produced in and secreted from  the white adipose t issue 
into the blood.  Lept in is t ransported into the CNS and acts on lept in receptors in the 
hypothalam us to induce lept in signalling and mediate anorexigenic effects.  Arcuate 
nucleus (ARC), vent romedial nucleus (VMH), dorsom edial nucleus (DMH), 
posteromedial hypothalam us (PMH), third vent r icle (3V)  Taken from  Morris and Rui, 
2009.    
Within the ARC Ob-R is expressed in at  least  two populat ions of neurons.  These 
are neurons that  co-express Agout i- related protein (AgRP)  and Neuropept ide Y 
(NPY)  and neurons that  express Proopiom elanocort in (POMC).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I n the Ob-R-POMC neuron, Ob-R act ivates the neuron by st imulat ing the 
expression of POMC which is converted to alpha m elanocyte st imulat ing horm one 
(Į-MSH) , a horm one which m ediates an appet ite suppressing signal.  Within the 
AgRP and NYP co-expressing neurons, AgRP acts as an antagonist  of Į-MSH 
signalling and NYP is an appet ite st imulat ing horm one.  Lept in interacts with Ob-
R to inhibit  the NYP-AgRP neurons and act ivate Ob-R-POMC neurons therefore 
suppressing the appet ite (Myers, 2004) . 
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1 .1 .6  Mult iple roles for  lept in 
Our current  understanding of lept in concludes that  it s m ost  prominent  role is in 
energy hom eostasis as a sat iety factor and as an indicator of adiposity.   
When lept in was discovered it  was thought  to be exclusively an adipose t issue-
derived, ant i-obesit y horm one, the role of which was to relay inform at ion about  
energy stores to the brain and regulate m etabolism  (Zhang et al, 1994) .  There 
is now a wealth of evidence to suggest  that  lept in’s role is m ore extensive.  I t  
has been proposed to have a role in such processes as inflamm at ion, 
angiogenesis, im munity, haem atopoiesis and reproduct ion (Marget ic et  al, 
2002) .   
 
 
 
 
 
 
 
 
 
1 .1 .7  Variat ions in lept in expression and lept in levels 
I n its pr im ary role as a m odulator of energy hom eostasis, lept in exhibit s 
circadian oscillat ions and a st rong relat ionship has been suggested between 
feeding and the diurnal rhythm  of lept in (Bodosi et  al, 2004) .  Adipose t issue, 
the prim ary site of lept in expression and secret ion, exists in various depots 
around the body and there appears to be a site specific variat ion of lept in 
expression levels in rodents (Maffei et  al, 1995;  Trayhurn et  al, 1995)  and 
hum ans.  For exam ple, in hum ans, lept in m RNA expression is greater in 
subcutaneous fat  depots than in om ental fat  depots (Hube et  al, 1996;  Masuzaki 
et  al, 1996) .   
Figure 1 .3  The central and peripheral act ions of lept in.   
LEPTI N  
CNS 
PERI PHERY 
Hypothalam us 
Neuroendocrine funct ion  
Food intake  and ene rgy e xpenditure  
Metabolism  
Live r    Insulin act ion 
Kidne y   Excret ion/ reabsorpt ion 
Pancreas   Insulin secret ion  
Reprodu ct ion   Puberty and ovulat ion,  
fetal growth and metabolism  
Blood Haemat opoiesis, im mune 
funct ion, angiogenesis, lipogenesis 
Ske leta l m uscle   Glycogen synthesis,  
glucose t ransport  
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Although variat ions in lept in protein levels m ay be norm al in the regulat ion of 
energy hom eostasis, there have been m any reports of abnorm al lept in 
expression levels in relat ion to disease and dysfunct ion.  During gestat ion, 
plasm a lept in levels in the m other increase.  This coincides with an increase in 
lept in receptor binding protein levels in m aternal circulat ion and could lead to 
prolonged lept in circulat ion or to increased synthesis by either m aternal fat  
depots and or the placenta (Marget ic et  al, 2002) .  Lept in has been found to be 
different ially expressed in preeclam pt ic placentas via an increase in m RNA levels 
(Enquobahrie et  al, 2008)  and m aternal plasm a levels are also significant ly 
elevated in those with preeclam psia (Mise et  al, 1998) .  Low concent rat ions of 
lept in in placental and cord blood have been linked to fetal growth retarded 
pregnancies (Ashworth et  al, 2000) .  A pre-pubertal lept in surge has been noted 
in both boys and girls (Moschos et  al, 2002)  and there is also a lept in surge in 
neonates which m ay be involved in nutr it ional program ming (Ahim a et  al, 1998) .  
I n pat ients with condit ions associated with food restr ict ion such as anorexia 
nervosa, serum lept in levels are significant ly lower than in control groups 
although this correlates with body weight  and fat  (Mantzoros et al, 1997) . 
Variat ions in lept in expression have been linked to dependence on the num ber 
and size of adipocytes.  This m ay be a plausible conclusion in som e 
circumstances such as in anorexia nervosa, where there is less adipose t issue to 
produce lept in.  As individual adipose depots have different  character ist ics such 
as differences in the num ber of large or sm all adipocytes, the variat ion in lept in 
expression differs accordingly.  There are circum stances where changes in fat  
m ass and adipocyte cell size do not  appear to correlate with increases or 
decreases in lept in expression such as the neonatal lept in surge (Marget ic et al, 
2002) .  Under these circum stances the t ranscript ional regulat ion of the lept in 
gene m ay influence lept in expression levels. 
1 .1 .8  Conclusions  
The com plexit y of the lept in signalling axis requires an im proved knowledge to 
fully understand it s roles within the body.  Although m any studies have provided 
inform at ion concerning variat ion in lept in expression, it  is interest ing to note how 
lit t le inform at ion there is regarding the t ranscript ional regulat ion of the lept in 
gene.  The lept in gene possesses a CpG rich prom oter and DNA m ethylat ion 
detected in this region differs from  the bim odal pat terns that  are usually 
observed at  CpG islands of im printed loci.  Despite this property, lept in 
expression levels are rarely correlated with epigenet ic data.  The t ranscript ional 
  
9 
 
regulat ion of the lept in gene appears to have been overlooked by the scient ific 
com munity. 
1 .2  Mult iple epigenet ic m echanism s including DNA m ethylat ion 
Epigenet ics is a relat ively new field concerning alterat ions to the genom e that  
m ay be heritable through m eiosis and m itosis, but  that  do not  involve changes 
to the DNA sequence it self and it s fundam ental role is in the regulat ion of gene 
expression (Berger et  al, 2009) .  DNA is wrapped around histone proteins to 
form  nucleosom es, the basic unit  of chrom at in.   Nucleosom al propert ies can be 
changed via several epigenet ic m echanism s and the exact  way in which this 
occurs is integral to the cells ident it y as this allows for genes, prom oters and 
other genet ic elem ents to be accessible when necessary (Kooist ra & Helin, 
2012) .  Whilst  the focus of this thesis is DNA m ethylat ion, a br ief overview of 
other epigenet ic m odificat ions will now be given.   
The m odificat ion state of histone tails are im portant  determinants of chrom at in 
st ructure (Kooist ra & Helin, 2012) .  The first  to be discovered, histone 
acetylat ion, is generally associated with act ive genes suggest ing a role in the 
facilit at ion of gene expression.  Acetylat ion is thought  to neut ralise the posit ive 
charge produced by lysine residues which influences t ranscript ional outcomes.  
I n cont rast , methylat ion of a lysine residue does not  affect  its posit ive charge 
and is associated with both gene repression (H3K9 and H3K27)  and act ivat ion 
(H3K4 and H3K36)  (Reviewed by Zentner & Henikoff, 2013) .   
Addit ionally, ant isense t ranscripts such as long non-coding RNAs ( lnRNAs)  and 
m icroRNAs (miRNAs)  are now known to play a role in gene regulat ion (Lee, 
2012;  Nazarov et  al, 2013) .  I n the case of lnRNAs, these t ranscripts m ay be 
present  when the sense t ranscript  is not  t ranscribed, indicat ing that  they play a 
role in gene repression (Lee, 2012) .  There is evidence to suggest  that  in certain 
cases they m ay also prom ote sense t ranscript  expression (Dietz et al, 2012) . 
Polycom b group (PcG)  proteins are t ranscr ipt ional repressors which funct ion in 
the m odificat ion of histone tails, in order to im plem ent gene silencing.  PcGs 
funct ion in com plexes which can be at t racted by CpG r ich regions and lnRNAs 
(Reviewed by  Sim on & Kingston, 2013) .  Consequent ly it  is em erging that  
epigenet ic m odificat ions work in concert  with each other, rather than in isolat ion 
to define the epigenomic landscape of an individual cell but , for the sake of 
brevit y, they will not  be reviewed further.  DNA m ethylat ion is the m ost  well 
studied epigenet ic m arking and involves the covalent  m odificat ion of nucleot ides 
within the DNA sequence (Feil & Fraga, 2011) .  I n m amm als DNA m ethylat ion 
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affects cytosine and predom inant ly those that  are adjacent  to guanines on a DNA 
st rand (Deaton & Bird, 2011) . 
1 .2 .1  Cytosine m odificat ions in m am m alian DNA 
I n m amm alian DNA the cytosine base can be m odified to form  several cytosine 
m odificat ions including 5-methyl cytosine (5-mC) , the m ost  intensively studied 
epigenet ic m ark.  Comm only referred to as DNA m ethylat ion, we have yet  to 
fully elucidate the role of 5-m C but  evidence has shown it  to be a key epigenet ic 
m odificat ion in m am m als that  is essent ial for norm al developm ent  (Li et  al, 
1992) .  Recent ly, three other cytosine m odificat ions, 5-hydroxym ethyl cytosine 
(5-hm C) , 5-carboxyl cytosine (5-caC)  and 5-form yl cytosine (5- fC)  have also 
been ident if ied ( I to et  al, 2011) .  Although the existence of 5-hm C in 
m am m alian DNA was first  reported in the 1970s (Penn et  al, 1972) , it s presence 
was widely forgot ten unt il recent ly when significant  quant it ies were detected in 
purkinje neurons (Kriaucionis & Heintz, 2009) .  
With the re-discovery of 5-hm C cam e the revelat ion that  m any techniques used 
to explore 5-m C pat terns do not  dist inguish between 5-m C and 5-hm C (Huang 
et  al, 2010;  Nestor et  al, 2010) .  Therefore, m uch of the scient ific lit erature 
concerning 5-m C and it s effects m ay be skewed by the presence of 5-hm C, and 
this necessitates the re- interpretat ion of past  findings which have shaped 
percept ions regarding the role of DNA m ethylat ion.  The abrupt  influxes of 
publicat ions concerning 5-hm C have suggested various potent ial roles for this 
cytosine m odificat ion, adding yet  another level of com plexity to the phenom enon 
of epigenet ics.  I t  appears that  the role of DNA m ethylat ion is dependent  on the 
cell type, the gene of interest , and the specific cytosine m odificat ion present .  
This thesis will refer to 5-m C and 5-hm C collect ively as DNA methylat ion and 
individually as cytosine m ethylat ion (5-m C)  and cytosine hydroxym ethylat ion (5-
hm C) . 
1 .2 .2  DNA m ethylat ion in m am m alian DNA 
I n m am m als DNA m ethylat ion occurs m ainly in CpG dinucleot ides (Ziller et  al, 
2011) .  The m ajor it y of CpGs in m amm alian genom es are subject  to DNA 
m ethylat ion.  For exam ple, hum an som at ic t issue DNA exhibit s cytosine 
m ethylat ion at  approxim ately 70%  of all CpG sites (Ehrlich et al, 1982) .   Due to 
the mutagenic propert ies of 5-m C, this has resulted in CpG-deficient  m amm alian 
genom es (Bird, 1980) .  Except ions to this global DNA m ethylat ion are CpG 
islands (CGI s) ;  sect ions of the genom e which are predominant ly unmethylated 
and consequent ly CpG rich in com parison to the rest  of the genome (Suzuki & 
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Bird, 2008) .  CGIs often overlap with the prom oter regions of individual genes 
with m ore than 60%  of m am m alian genes possessing CpG island prom oters 
(CGI -P)  ( I llingworth et  al, 2010) .  CGI -Ps can influence local chrom at in st ructure 
through epigenet ic m odificat ions to regulate gene act ivit y.  DNA m ethylat ion at  
these regions is comm only thought  to be associated with the t ranscript ional 
silencing of a gene (reviewed by  Deaton & Bird, 2011) .   
The current  percept ions of DNA m ethylat ion concludes that  DNA m ethylat ion 
pat terns are established during early em bryonic developm ent  and are then 
stably m aintained throughout  the life of the individual.  Unm odified cytosines are 
first ly methylated to becom e 5-m C, the pat tern of which is established and 
m aintained by the DNA m ethylt ransferases (DNMT)  family of enzym es (Cheng & 
Blum enthal, 2008) .  5-m C can then be oxidised by the ten-eleven t ranslocat ion 
(TET)  family of enzym es to form  5-hm C, 5- fC and 5-caC (Tahiliani et  al, 2009) .  
We have yet  to find an enzym e that  can direct ly hydroxym ethylate cytosine to 
produce 5-hm C, suggest ing that  the presence of 5-hm C is dependent  on the 
oxidat ion of pre-exist ing 5-m C (Figure 1.4) .  Consequent ly, this thesis will begin 
by reviewing the lit erature on the establishm ent  and m aintenance of cytosine 
m ethylat ion pat terns by the DNMT family of enzym es.    
1 .2 .3  The establishm ent  and m aintenance of cytosine m ethylat ion ( 5 -
m C)  pat terns  
Cytosine m ethylat ion pat terns are established and m aintained by the DNMT 
fam ily of enzym es.  Three catalyt ically act ive mem bers of the m amm alian DNMT 
fam ily, DNMT1, DNMT3a and DNMT3b, are direct ly responsible for the addit ion of 
m ethyl groups to cytosine to form  5-m ethyl cytosine (5-m C)  (Cheng & 
Blum enthal, 2008) .  I t  is generally accepted that  DNMT3a and DNMT3b are 
responsible for establishing cytosine methylat ion pat terns during em bryonic 
developm ent  whilst  DNMT1 m aintains this established pat tern in som at ic t issues.   
DNMT1 is known as the m aintenance m ethylt ransferase and is regarded as being 
responsible for the t ransfer of m ethylat ion pat terns from  parent  st rand to 
daughter st rand during DNA replicat ion ( reviewed by  Qin et  al, 2011) .  The CpG 
dinucleot ide is a short , self-com plementary sequence which results in 
palindromic CpG dyads on double st randed DNA.  Evidence of sym m et rical DNA 
m ethylat ion pat terns at  CpG dyads (Bird, 1978a;  Wigler, 1981) led to the 
hypothesis that  cytosine m ethylat ion is m aintained in successive cell generat ions 
via the t ransfer of m ethylat ion pat terns between st rands during sem i-
conservat ive DNA replicat ion.   
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The evidence for DNMT1 m aintenance act ivit y stem s m ainly from in vit ro 
experim ents which found that  as well as being specific for CpG, hemi-m ethylated 
DNA (where DNA m ethylat ion is present  on one st rand but  not  on the opposing 
st rand of a DNA m olecule)  is the preferred subst rate for DNMT1 (Bestor & 
I ngram , 1983) .  Addit ionally, DNMT1 has protein dom ains that  can interact  with 
proliferat ing cell nuclear ant igen (PCNA) , a DNA polymerase processing protein 
(Chuang et  al, 1997) ,  and Ubiquit in- like, containing PHD and RI NG finger 
dom ains 1 (UHRF1)  (Sharif et  al, 2007) .  These factors m ay ensure the 
localisat ion of DNMT1 to the replicat ion fork, concurrent  with the idea that  
DNMT1 m aintains cytosine m ethylat ion during DNA replicat ion.  DNMT1 is m ainly 
produced during the S phase of the cell cycle (Robertson et  al, 2000) , when it  
would be required to m ethylate newly generated hem i-m ethylated sites.  
Knockout  of DNMT1 in mESCs leads to genom e-wide hypom ethylat ion (Li et  al, 
1992)  suggest ing that  DNMT1 is required for m aintenance methylat ion and is 
responsible for the m ajor it y of DNA m ethylat ion in these cells. 
For cytosine m ethylat ion to be m aintained throughout successive cell 
generat ions it  must  first  be established in the original cell populat ion.  At  
fert ilisat ion, a tot ipotent  em bryo that  gives r ise to all cell t ypes of the offspr ing is 
produced from the com binat ion of the maternal and paternal gametes.  
Epigenet ic reprogram ming occurs during early em bryonic developm ent .  
Dram at ic changes in genome-wide DNA methylat ion occur during germ  cell 
developm ent  and early preim plantat ion developm ent  and this involves the 
erasure of m aternally and paternally inherited DNA m ethylat ion pat terns and the 
establishm ent  of an offspr ing specific DNA methylat ion pat tern ( reviewed by 
Mason et  al, 2012) .   
Within hours of fert ilisat ion the paternal pronucleus undergoes rapid 
dem ethylat ion (Mayer et  al, 2000) .  This occurs at  a t im e when there is no DNA 
replicat ion suggest ing the act ive rem oval of 5-m C.  The specific mechanism by 
which this demethylat ion occurs is a m atter of debate, however, 
hydroxym ethylat ion of the genom e could be a potent ial m echanism  and will be 
discussed later in this review (Sect ion 1.2.4.1) .   
During the cleavage stages of preim plantat ion developm ent  the m aternally 
inherited genom e becomes increasingly dem ethylated.  This is a passive process 
that  occurs during act ive DNA replicat ion in the absence of m aintenance 
m ethylat ion;  as DNMT1 is excluded from  the nucleus at  this point  (Cardoso et  al, 
1999) .  Except ions to this wave of dem ethylat ion are those genes which are 
im printed (Nakamura et  al, 2007);  an epigenet ic process that  result s in a 
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parent -specific expression that  is associated with different ial DNA m ethylat ion of 
an im printed cont rol region (Barlow, 2011) .        
When unm ethylated DNA is int roduced into somat ic cells, it  is not  subject  to DNA 
m ethylat ion but , when int roduced into mouse preim plantat ion em bryos, 
becom es stably m ethylated (Jähner et  al, 1982) .  This has led to the conclusion 
that  the establishm ent  of cytosine m ethylat ion pat terns is confined to the 
tot ipotent  stages of em bryogenesis. DNMT3a and DNMT3b are both highly 
expressed during pluripotency and down-regulated post -different iat ion. They are 
also essent ial for the establishm ent  of m ethylat ion pat terns (Athanasiadou et  al, 
2010;  Okano et  al, 1999) .  They are widely referred to as the “de novo”  DNMTs.  
DNMT3a and DNMT3b show equal act iv it y towards unm ethylated and hemi-
m ethylated DNA (Hashim oto et  al, 2012)  and their  delet ion in pluripotent  m ESCs 
leads to a loss of de novo m ethylat ion (Athanasiadou et  al, 2010;  Okano et  al, 
1999) .  They are highly expressed at  tot ipotent  stages of developm ent and 
down- regulated after different iat ion which agrees with the need for them  to 
establish methylat ion pat terns during early developm ent  and the assum pt ion 
that  after different iat ion they are dispensable (Jones & Liang, 2009) .  DNMT3a 
and DNMT3b are therefore thought  to be responsible for init iat ing m ethylat ion 
pat terns and for this reason are referred to as the de novo DNMTs.  I n turn they 
are crucial for norm al developm ent  as loss of both leads to early em bryonic 
lethalit y (Okano et  al, 1999) .  Although studies suggest  that  each de novo DNMT 
targets specific sequences, inform at ion about  the individual contr ibut ions of each 
enzym e is lim ited and there is evidence to show that  their  funct ions overlap and 
com plem ent  each other (Athanasiadou et  al, 2010) .  Double knockout  of the de 
novo DNMTs leads to genom e wide hypom ethylat ion whilst  individual knockouts 
result  in different  locus-specific losses of DNA m ethylat ion (Chen et al, 2003;  
Okano et  al, 1999) .  Different  phenotypes are observed with inact ivat ion of the 
individual genes.  Loss of DNMT3a leads to a failure in the establishm ent  of 
m ethylat ion pat terns at  im printed genes (Hu et  al, 2008) and severe defects 
result ing in postnatal lethality (Okano et  al, 1999) .  I nact ivat ion of DNMT3b 
results in em bryonic lethalit y and hypomethylat ion of pericentrom eric repeats.  
DNMT3b hypom orphic germ line mutat ions are associated with I CF syndrom e and 
are thought  to be responsible for the m ajority of cases of this disease (Ehrlich, 
2003;  Jin et  al, 2008) . 
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1 .2 .3 .1  Establishm ent  and m aintenance of DNA m ethylat ion re- evaluated 
The percept ion that  DNMT3a and DNMT3b establish methylat ion pat terns that  
DNMT1 subsequent ly m aintains during semi-conservat ive DNA replicat ion is the 
generally accepted view.  However, there has been an accum ulat ion of data that  
quest ions these percept ions and the enzym at ic control of DNA m ethylat ion 
appears to be m ore com plicated than is assum ed by the scient ific com munity.  
Much of the evidence that  has led to these percept ions stems from  publicat ions 
report ing the in vit ro act iv it ies of DNMT enzym es.  I n vivo, DNA replicat ion has a 
high processivit y (0.035 seconds/ nucleot ide)  (Jackson & Pom bo, 1998)  whilst , in 
vit ro, DNMT1 has a low turnover rate (70-450 sec/ m ethyl group)  (Pradhan et  al, 
1999) .  I n vivo, DNMT enzym es work in concert  with other factors and proteins, 
the scale of which we are only just  beginning to appreciate, culm inat ing in a 
current ly poor understanding of the in vivo enzym at ic cont rol of cytosine 
m ethylat ion (Arand et al, 2012) .   
DNMT1 is norm ally regarded as the “m aintenance m ethylt ransferase” , stably 
copying m ethylat ion pat terns from  the parent  st rand to the daughter st rand 
during DNA replicat ion (Gowher & Jelt sch, 2001;  Okano et  al, 1998) .  This 
im plies that  hemi-m ethylated sites, where one st rand of the DNA m olecule is 
m ethylated whilst  the opposing st rand is unm ethylated, should be found in low 
abundance in the genome as they imm ediately becom e fully m ethylated after 
DNA replicat ion.  Early landm ark experim ents (Bird, 1978a)  concluded that  
levels of hemi-methylat ion are indeed low, but  recent  m ore sensit ive techniques 
have found significant  levels of hemi-m ethylat ion in single-copy sequences and 
repeat  sequences (Liang et al, 2002) .  To address the problem s arising from the 
discrepancies between in vit ro and in vivo experiments, DNMT mutant  m ouse 
em bryonic stem  cells (mESCs)  have become a popular m odel for invest igat ing 
the act ions of DNMT enzym es.  m ESCs depleted of the de novo DNMTs but  
expressing DNMT1 exhibit  hypom ethylat ion of im printed genes and repeats and 
gradually lose global DNA m ethylat ion with increasing cell divisions (Arm st rong 
et  al, 2012;  Chen et  al, 2003;  Liang et  al, 2002) .  This evidence suggests that  in 
the absence of DNMT3a and DNMT3b, DNMT1 is unable to m aintain m ethylat ion 
at  certain genomic elem ents.  Addit ionally, although knockout  of DNMT1 in 
m ESCs leads to genome-wide hypom ethylat ion (Li et  al, 1992)  analysis of 
specific loci has determ ined that  in the absence of DNMT1, some sequences 
m aintain a considerable am ount  of hem i and fully m ethylated sites (Arand et  al, 
2012) .  Although DNMT3a and DNMT3b are down- regulated after different iat ion, 
they are st ill expressed in som at ic cells and their  simultaneous knockout  result s 
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in the hem i-m ethylat ion of up to 30%  of CpG sites in repet it ive elem ents of the 
m ouse genome (Jones & Liang, 2009) .  This is concurrent  with a gradual loss of 
DNA m ethylat ion with increasing cell divisions of DNMT3a and DNMT3b double 
knockout  m ESCs (Jackson et  al, 2004) .  These observat ions suggest  that  the 
DNMT3 enzymes m ay also cont ribute to m aintenance m ethylat ion and ongoing 
m ethylat ion is required by DNMT3a and DNMT3b in order for these sequences to 
retain their  methylat ion.  DNMT1 also shows som e act iv it y towards unm ethylated 
DNA (Bestor, 2000)  and therefore could potent ially cont ribute to the 
establishm ent  of cytosine m ethylat ion pat terns.   
The act ion of the DNMTs is generally perceived to be processive.  That  is, they 
would either m ethylate or not  m ethylate every CpG dinucleot ide in a given 
st retch of DNA.  This leads to the expectat ion that  m ethylat ion levels at  every 
CpG dinucleot ide within a given cell t ype would be 0% , 100%  or 50%  ( if one 
allele was methylated and the other allele was unm ethylated)  and also that  CpG 
dinucleot ides in the sam e st retch of DNA would have the sam e m ethylat ion 
status.  However, the quant ificat ion of m ethylat ion levels rarely gives such clear 
cut  result s.  This heterogeneit y could be due to the faithful m aintenance of 
heterogeneous pat terns that  were established during early developm ent  
( reviewed by  Jones & Liang, 2009) .  I t  could equally be due to non-processive 
act ions of the DNMT enzym es.  I n vit ro, the m aintenance funct ion of DNMT1 
appears to occur in a processive m anner and a processive m aintenance funct ion 
for DNMT3b has also been suggested (Gowher & Jelt sch, 2002;  Herm ann et  al, 
2004;  Vilkait is et  al, 2005) .  The de novo funct ions of DNMT1 and DNMT3a, 
however, appear to be dist ribut ive (Gowher & Jelt sch, 2001;  Gowher et  al, 2005)  
although a processive m ethylat ion act ivity for DNMT3a has also been described 
(Holz-Schiet inger & Reich, 2010) . 
I t  has also been suggested that  the current  hypothesis for the m aintenance of 
DNA m ethylat ion is flawed as it  does not  include a m echanism  for error 
correct ion ( reviewed by  Jones & Liang, 2009) .  I t  is unlikely that  m ethylat ion 
pat terns established during early developm ent  could be faithfully m aintained by 
DNMT1 alone without  a proofreading m echanism  to ensure that  the fidelity of the 
pat terns is m aintained;  and it  is doubt ful that  the genom e could be kept  
m ethylated by DNMT1 alone (Ooi & Bestor, 2008) .   
The m ost  popular techniques for DNA m ethylat ion analysis require bisulfit e 
conversion of DNA.  This renders the two strands of a DNA m olecule non-
com plem entary and the opposing st rands becom e denatured.  Consequent ly, it  is 
technically challenging to analyse the DNA m ethylat ion pat tern on both st rands 
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of an individual DNA m olecule.  The general consensus regarding the 
m aintenance act iv it y of DNMT1 has led to the m ajor ity of scient ists disregarding 
one st rand of DNA during m ethylat ion analysis with the assum pt ion that  because 
of DNMT1s m aintenance act ivity, it  will m imic the m ethylat ion pat tern of the 
other st rand.  With this evidence in m ind it  is clear that  further studies into the 
specificit y and processivity of the DNMTs is required before it  can be assum ed 
that  both DNA st rands of a DNA m olecule have the sam e DNA m ethylat ion 
pat tern.  
1 .2 .4  Cytosine hydroxym ethylat ion ( 5 - hm C)  
I n contrast  with 5-m C levels, the 5-hm C content  of hum an t issues varies 
significant ly between t issues (Nestor et  al, 2012) .  Current  reports have found it  
t o be m ost  abundant  in breast  t issue (Nestor et al, 2012) , brain t issue, pre-
im plantat ion em bryos and em bryonic stem  cells (Globisch et  al, 2010;  William s 
et  al, 2012) .  Consequent ly, m any studies invest igat ing the role of 5-hm C use 
em bryonic stem  cells (ESCs)  as a m odel and, as evidence suggests this 
m odificat ion to be t issue-specific, these results m ay not  be representat ive of the 
role of 5-hm C in all t issue types.  Addit ionally, DNA m ethylat ion pat terns 
frequent ly change in cell culture (Antequera & Bird, 1993) , and culture can also 
result  in a dram at ic loss of global 5-hm C and TET gene expression levels (Nestor 
et  al, 2012) .  
 
 
 
 
 
 
 
 
Present ly, the oxidat ion of 5-m C by the TET enzym es is the only known way to 
acquire 5-hm C in the genome and TET1, TET2 and TET3 are all capable of 
convert ing 5-m C to 5-hm C in vivo and in vit ro ( I to et  al, 2010;  Tahiliani et al, 
2009;  William s et  al, 2012) .  I t  has been reported that  the TET enzym es exhibit  
t issue-specific expression with TET1 m ainly being expressed in ESCs whilst  TET2 
 
TET 1 / 2 / 3  TET 1 / 2 / 3  TET 1 / 2 / 3  
O2  O2  O2  
Figure 1 .4 .  The structures of 5 - mC, 5 - hmC, 5 - fC and 5 - CaC.   5-mC is formed 
through the addit ion of a methyl group t o the C- 5 posit ion by the DNMT enzymes (h ighlighted in  
red) .  This methyl group can be oxidised by the addit ion of a hydroxyll group (highlighted in red)  
to form  5-hmC.   5-hmC can be further ox idised by the TET enzymes to produce 5- fC and 5-CaC.   
Figure adapted from phys.org.   
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and TET3 are m ore ubiquitously expressed (Szwagierczak et  al, 2010;  Tahiliani 
et  al, 2009;  William s et al, 2012) .  
The m ajor it y of studies regarding hydroxymethylat ion have m ainly been carried 
out  in mESCs owing to their global 5-hm C content .  Deplet ion of TET1 in mESCs 
leads to only a 20-40%  reduct ion in 5-hm C, and to a slight  increase in the rat io 
of 5-m C: 5-hm C (Dawlaty et  al, 2011;  Koh et al, 2011;  Williams et  al, 2011;  Xu 
et  al, 2011) .  The incom plete disappearance of 5-hm C could be at t r ibuted to 
another TET enzym e com pensat ing for the loss of TET1.  TET2 is also expressed 
in m ESCs and a funct ional redundancy between the two enzym es could explain 
rem aining levels of 5-hm C after TET1 deplet ion whereby TET2 m ay part ly 
com pensate for the loss of TET1 (Williams et  al, 2012) .  The lim ited effect  of 
TET1 knockdown/ knockout  on 5-m C levels m ay be expected because there is so 
m uch m ore 5-m C than 5-hm C with an est im ated rat io of one 5-hm C nucleot ides 
for every 22 5-m Cs nucleot ides ( I to et  al, 2011) . Therefore changes in 5-hm C 
level m ay not  lead to detectable changes in global 5-m C levels (William s et al, 
2012) .  Gene specific increases in 5-m C after TET1 deplet ion have been 
observed in several studies, which were associated with a simultaneous loss of 
5-hm C showing that  TET1 regulates DNA m ethylat ion levels in certain genes 
(Dawlaty et  al, 2011;  Koh et  al, 2011;  Williams et  al, 2011;  Wu & Zhang, 2011;  
Xu et al, 2011) . 
There is not  a com plete overlap with 5-hmC containing regions and TET1 
binding.  This taken with the lim ited effect  of TET1 deplet ion on global 5-hm C 
and 5-m C levels suggests that  other pathways and/ or proteins are involved in 5-
hm C regulat ion.  Although evidence st rongly suggests that  the existence of 5-
hm C is dependent  on pre-exist ing 5-m C (Ficz et  al, 2011;  Williams et  al, 2011) , 
global 5-hm C levels in hum an t issues do not  correlate with TET1/ 2/ 3 gene 
expression levels (Nestor et  al, 2012) , and peaks in hydroxym ethylat ion content  
that  are independent  of changes in 5-m C levels have been observed in the 
m ouse zygote (Salvaing et  al, 2012)  suggest ing there m ay be other factors 
involved in the conversion of cytosine to 5-hm C. 
1 .2 .4 .1  5 - hm C as an interm ediate in an act ive or  passive dem ethylat ion 
pathw ay 
The DNMT enzym es which catalyse cytosine methylat ion are well characterised, 
unlike the enzym es which dem ethylate DNA.  The discovery of 5-hm C m ay have 
uncovered a pathway for demethylat ion, as this cytosine m odificat ion has the 
ability to recruit  or displace certain proteins and m ay act  as an interm ediate 
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between 5-m C and cytosine in a dem ethylat ion pathway (Globisch et  al, 2010;  
Liutkeviciute et al, 2009;  Tahiliani et  al, 2009) . 
5-hm C could act  as an interm ediate in an act ive dem ethylat ion pathway which 
ult im ately result s in the replacem ent  of 5-m C with cytosine.  This could serve as 
a likely dem ethylat ion pathway for the paternal genome during epigenet ic 
reprogramm ing (William s et  al, 2012) .  This dem ethylat ion pathway has been 
suggested to involve DNA repair m echanisms (Guo et al, 2011) , but  the 
em ergence that  5-hm C can further be oxidised by the TET proteins to 5- fC, and 
5-caC has uncovered a potent ial enzym at ic pathway for act ive DNA 
dem ethylat ion.  This is supported by studies which dem onst rate the presence of 
the 5- fC and 5-caC in m amm alian DNA (I to et  al, 2011;  Williams et  al, 2012) .  
The TET proteins cannot  convert  5-caC to cytosine, therefore, another enzyme 
such as a decarboxylase or glycosylase m ust  be involved in this step.  The 
enzym e could be thym idine-DNA glycosylase (TDG) .  Deplet ion of TDG leads to 
the accumulat ion of 5-caC in ESCs (He et  al, 2011)  and another study has shown 
that  TDG is required for act ive DNA dem ethylat ion (Cortellino et al, 2011) .  
Enzym es that  are capable of dehydroxym ethylat ing 5-hm C and convert ing it  t o 
cytosine have been elusive but , in vit ro, DNMT3a and DNMT3b have been found 
to funct ion as DNA hydroxym ethyl cytosine dehydroxym ethylases (Chen et  al, 
2012) .   
5-hm C could also be part  of a passive dem ethylat ion pathway.  DNMT1, the 
m aintenance methylt ransferases, has low specificity for 5-hm C (Valinluck & 
Sowers, 2007) .  While it  is copying m ethylat ion pat terns from  the parent  st rand 
to the daughter st rand during DNA replicat ion, DNMT1 would t reat  5-hm C as if it  
were an unm ethylated cytosine and the cytosine on the daughter st rand would 
rem ain unmethylated (Tahiliani et  al, 2009) .  This m ay be a possible pathway to 
passive dem ethylat ion in rapidly dividing cells such as ESCs (William s et  al, 
2012) .  This theory is supported by the fact  that  brain cells are not  rapidly 
dividing and st ill contain high levels of 5-hm C (Williams et  al, 2012)  and data 
that  shows DNMT1 m ethylates 5-hm C enriched DNA with a lower efficiency to 5-
m C hemi-m ethylated DNA (Valinluck & Sowers, 2007) .  Significant  levels of 5-
hm C have been found in various t issues and cell lines suggest ing that  the 
presence of this base m ay be too stable to funct ion solely as an interm ediate in a 
dem ethylat ion pathway.   
 
  
19 
 
1 .2 .4 .2  5 - hm C as a regulator  of DNA m ethylat ion and a guardian of CpG 
I slands 
The current  m odel for the mechanism  of DNA methylat ion m aintenance does not  
include a proofreading m echanism  for error correct ion (Sect ion 1.2.3.1) .  I n 
m ESCs TET1 binds to a large num ber of genes and is part icular ly enriched at  
t ranscript ion start  sites (TSSs) .  Most  TET1 bound prom oters are CGI -Ps and are 
m ainly unm ethylated in m ESCs suggest ing that  TET1 could be a “guardian of 
CpG Islands”  m aintaining them  free of DNA m ethylat ion.  The enrichment  of 5-
hm C at  prom oter regions and TSSs and the strong evidence suggest ing 5-hm C 
m ust  be derived from  pre-exist ing 5-m C im plies that  5-m C is converted to 5-
hm C specifically at  CpG islands.  This suggests a role for TET1 as a regulator of 
DNA m ethylat ion in these regions.  Certain events such as increased DNMT 
act iv it y can lead to random cytosine m ethylat ion of CpG islands.  TET1 could 
convert  this unwanted cytosine m ethylat ion into 5-hm C which could then be 
followed by act ive or passive demethylat ion to return affected cytosines to an 
unm ethylated state.  Down- regulat ion of TET1 during different iat ion would then 
allow for the norm al cytosine m ethylat ion pat tern required to be achieved 
( reviewed by  Williams et  al, 2012) .   
1 .2 .4 .3  5 - hm C as a t ranscript ional regulator 
5-m C at  prom oter regions has long been associated with gene repression and its 
oxidat ion to 5-hm C m ay ext inguish the repressive effects of 5-m C (Branco et al, 
2012) .  5-hm C m ay alter the local chrom at in environm ent  though the 
recruitm ent  or displacem ent  of proteins (William s et  al, 2012) .  We have yet  to 
discover any 5-hm C binding proteins but  the epigenet ic regulat ion of gene 
expression could be influenced by 5-hm C through the exclusion of m ethyl-CpG 
binding dom ain (MBD)  proteins, a hypothesis which has been supported by the 
inabilit y of m ethyl-CpG binding protein 2 (MeCP2)  to recognise and bind to 5-
hm C (Tahiliani et  al, 2009;  Valinluck et  al, 2004) .  MBDs recognise m ethylated 
cytosines and have been suggested to play an im portant  role in reading 5-m C 
(Fournier et  al, 2012) .  However, m ost  MBD proteins do not  recognise 5-hm C 
(Jin et  al, 2010;  Valinluck et  al, 2004) and m ost  likely dissociate from DNA when 
5-m C is converted into 5-hm C (William s et  al, 2012) .  The presence of just  one 
5-hm C base in a DNA fragm ent significant ly inhibit s binding of MeCPs (Ruzov et  
al, 2011;  Valinluck et  al, 2004) . 
Predictably it  was hypothesised that  the TET proteins would regulate 
t ranscript ion by adjust ing DNA m ethylat ion levels at  prom oter regions and the 
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f inding that  both TET1 and 5-hm C localise to TSSs supported this (William s et  al, 
2012) .  Gene expression profiling of TET1 depleted ESCs has found that  less 
than 10%  of TET1 target  genes change expression after TET1 deplet ion (Williams 
et  al, 2011;  Wu & Zhang, 2011) .  The num ber of genes down- regulated was 
similar to the num ber of genes up-regulated indicat ing that  TET1 and 
hydroxym ethylat ion can have both repressive and act ive effects on gene 
expression (Williams et  al, 2012) . 
1 .2 .5  The regulat ion of gene expression by DNA m ethylat ion 
Approxim ately 70%  of hum an genes, including the lept in gene, possess a CpG 
r ich prom oter region.  DNA m ethylat ion in these regions is frequent ly related to 
t ranscript ional regulat ion of individual genes and DNA m ethylat ion is generally 
associated with gene silencing.  Although evidence points towards the 
com prehensive role of DNA m ethylat ion being in the regulat ion of gene 
expression, it s funct ion varies with context  (Jones & Liang, 2009) .   
CGI -Ps are usually assum ed unm ethylated in som at ic cells and rem ain in this 
state throughout developm ent  in all t issues of an anim al. However, studies in the 
m ouse have determined that  5-34%  of CGI s are t issue-specific different ially 
m ethylated regions (T-DMRs)  which possess ident ical genet ic inform at ion but  
different  DNA m ethylat ion pat terns between cells and t issues of an individual 
(Shiota et  al, 2002;  Song et  al, 2005) .  DNA methylat ion at  CGI -Ps is associated 
with gene silencing and there are exam ples of this dem onst rated by X-
chrom osom e inact ivat ion and genomic im print ing where stable m ethylat ion is 
associated with gene repression.  There are also exam ples of genes which exhibit  
interm ediate levels of DNA m ethylat ion and yet  are st ill expressed, one exam ple 
being the lept in prom oter (Stöger, 2006) .  This has quest ioned the funct ion of 
DNA m ethylat ion in silencing gene expression.  Many reports do not  take into 
account  the rat ios of 5-m C and 5-hm C for DNA m ethylat ion.  The re-discovery of 
5-hm C necessitates the re-evaluat ion of published data regarding 5-m C.  These 
two cytosine m odificat ions could have different  funct ions which m ay account  for 
cont radictory findings.  Genom e-wide studies have shown that  the type of DNA 
m ethylat ion and it s locat ion within a gene is im portant  in determining it s 
funct ion and, although data indicate that  5-m C and 5-hm C often co-exist , 
differences in their  dist ribut ion have been observed.  5-hm C is enriched at  
prom oter regions and TSSs (Ficz et  al, 2011;  Pastor et  al, 2011;  William s et  al, 
2011;  Wu & Zhang, 2011;  Xu et  al, 2011)  whereas 5-m C is generally depleted 
from  these regulatory regions (William s et  al, 2012) .  5-hm C is rarely found in 
heterochrom at ic regions, which are known to have high 5-m C levels (Ficz et  al, 
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2011;  Pastor et  al, 2011;  Williams et  al, 2011) .  5-m C at  TSSs prevents 
t ranscript ional init iat ion whilst  5-m C in gene bodies m ay st imulate t ranscript ional 
elongat ion (Bird, 1995) .  The enrichm ent  of 5-hm C at  prom oter regions and 
TSSs, taken with the observat ion that  5-m C at  TSS prevents t ranscript ional 
init iat ion, suggests that  5-hm C m ay be associated with t ranscript ional act ivat ion 
and gene expression.  There is in fact  a report  that  5-hm C in the prom oter 
region but  not  in the gene body strongly represses t ranscript ion by either 
prevent ing the binding of essent ial t ranscript ion factors or recruit ing factors that  
repress t ranscript ion (Robertson et  al, 2011) .  This was observed using in vit ro 
t ranscript ion as a m odel system .  I n vivo m any other factors m ay influence the 
regulatory effect  of 5-hm C on gene t ranscript ion.  I n mESCs 5-hm C at  prom oter 
regions has been associated with gene repression whilst  in gene bodies it  is 
associated with t ranscript ionally act ive genes (Wu et  al, 2011) . 
Although for m any years it  has been accepted that  cytosine m ethylat ion is 
associated with gene repression there exists data which quest ions this.  
Predictably, the discovery of 5-hm C generated the hypothesis that  5-hm C was 
associated with gene act ivat ion whilst  5-m C was associated with gene 
repression.  I f 5-hm C was solely a t ranscript ional act ivator or repressor surely it  
would be expected that  its dist r ibut ion across t issues would be much m ore 
ubiquitous like that  of 5-m C?  From  observat ions it  is clear that  the role of DNA 
m ethylat ion is dependent  on the t issue, the gene of interest  and the locat ion and 
specific cytosine m odificat ion within the gene. 
 
1 .3  Current  state of know ledge on DNA m ethylat ion at  the lept in 
prom oter 
Lept in is encoded by the obese gene (LEP) , the prom oter region of which lies 
within a CpG island and exhibits a high level of conservat ion throughout  the 
vertebrate anim al kingdom  (Zhang et  al, 1994) .  Alignm ent  of the core lept in 
prom oter between m any species reveals conserved CpG dinucleot ides which 
could be subject  to DNA m ethylat ion but  much of the lit erature concerns only the 
hum an and m ouse lept in prom oters (Figure 1.1).    
Within the m ouse and hum an lept in prom oter regions there are several sites 
which studies have found to be im portant  for prom oter act iv it y and lept in gene 
t ranscript ion and expression. Both species contain a Ccaat  enhancer binding 
protein alpha (C/ EBPĮ) and Specificit y protein 1 (Sp1)  t ranscript ion factor 
binding site and a TATA box elem ent .  The m ouse prom oter contains an 
addit ional site designated LP1 which does not  match the recognit ion sequence of 
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any known t ranscript ion factor but  does bind a factor present  in preadipocytes 
and adipocytes, the m ain site of lept in expression, but  not  in other cell types 
(Mason et  al, 1998) .  The Sp1 and C/ EBPĮ t ranscript ion factor binding sites and 
LP1 each contain CpG dinucleot ides, which could be subject  to DNA m ethylat ion.   
The abilit y of DNA m ethylat ion to silence genes m ay be achieved by it s 
interference with the binding of t ranscript ion factors that  act ivate t ranscript ion 
from  a specific gene.  There are several t ranscript ion factors which are unable to 
bind to their  recognit ion sequence if it  contains a m ethylated CpG (Watt  & 
Molloy, 1988) .  DNA m ethylat ion of the Sp1, C/ EBPĮ and LP1 sites and CpG sites 
around them  m ay be important  in prom ot ing or repressing lept in t ranscript ion.  
Sp1 can bind to the Sp1 site and act ivate the lept in prom oter and, although it  is 
thought  that  DNA m ethylat ion of this specific site does not  direct ly affect  Sp1 
binding, DNA m ethylat ion around this site has been shown to prevent  Sp1 from  
binding to this site (Zhu et  al, 2003) .   
I n a hum an adipose cell line it  has been dem onst rated that  a part ially 
m ethylated lept in prom oter can reduce prom oter act iv it y by one third in 
com parison to an unm ethylated prom oter when dr iv ing the expression of a 
luciferase reporter gene (Melzner et  al, 2002) .  Cytosine m ethylat ion of the CpG 
dinucleot ide within the C/ EBPĮ binding site led to a decrease in prom oter 
act iv it y, and cytosine m ethylat ion of the two CpG dinucleot ides proxim al to the 
TATA box elem ent st rongly reduced reporter expression (Melzner et al, 2002) .   
Given the evidence that  m ethylat ion at  the C/ EBPĮ binding site can dim inish 
lept in expression it  would be expected that  in adipose t issue, where lept in is 
highly expressed, there would be an absence of DNA m ethylat ion.  Evidence 
shows that  the lept in prom oter is a T-DMR and in hum an adipose t issue, where 
lept in is at  it s m ost  abundant , exhibit s a high level of variat ion in the 
m ethylat ion densit y of individual epialleles ranging from 2 to 76%  m ethylat ion 
(Stöger, 2006) .   
I n im printed genes and during X-chrom osome inact ivat ion, CpG islands are 
either unm ethylated and t ranscript ionally act ive or densely methylated and 
silenced (Deaton & Bird, 2011) .  The funct ion of interm ediate and varying 
m ethylat ion densit ies is yet  to be determined.  Adipose t issue is a com plex 
heterogeneous t issue consist ing of several cell types (Cint i, 2005) .  The variat ion 
in methylat ion density between DNA m olecules could be at t r ibuted to a 
difference in cell t ype and lept in expression level, although adipocytes are the 
predom inant  cell t ype.  The variat ion in DNA m ethylat ion levels between DNA 
m olecules m ay have been stably m aintained in the adipocytes cell populat ion.  
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However, adipocytes are form ed from  the different iat ion of precursor cells known 
as preadipocytes which do not  express lept in (Melzner et  al, 2002) .  The 
variat ion in DNA m ethylat ion between adipose-derived DNA m olecules m ay be 
at t ributed to preadipocytes that  are undergoing epigenet ic t ransit ion as they 
different iate into m ature adipocytes during a pathway to lept in expression 
(Stöger, 2006) .  
Methylat ion of the lept in prom oter has also been observed in hum an and m ouse 
cell lines which can be induced to different iate into adipocytes.  During in vit ro 
different iat ion of the 3T3-L1 preadipocyte cell line and, therefore, during the 
t ransit ion of lept in from  a “swit ched off”  to a “swit ched on”  state, demethylat ion 
of the lept in prom oter was observed, support ing the theory that  part ially 
m ethylated epialleles m ay be on a pathway to dem ethylat ion for lept in 
expression (Yokom ori et al, 2002) .  Methylat ion of epialleles from  adipose t issue 
is lower than in peripheral blood leukocytes (PBLs)  support ing the idea that  
dem ethylat ion m ay occur in adipose t issue.  The broad range of m ethylat ion 
densit ies observed in epialleles of hum an adipose t issue is also observed in 
hum an peripheral blood leukocytes but  with the m ajor it y of epialleles exhibit ing 
an intermediate level of m ethylat ion.  In general m ethylat ion at  CpG islands 
indicates perm anent gene silencing but  the m oderate levels of methylat ion at  the 
lept in prom oter in adipose t issue and PBLs m ay suggest  a less stable state of 
gene expression, and it  has been suggested that  this m ay facilit ate the 
t ransit ioning between act ive and inact ive expression states during the life course 
of a cell or t issue and the m ethylat ion density of the epiallele m ay m odulate the 
level of lept in expression (Stöger, 2006) .  
 
I nterest ingly, in hum an adipose t issue the frequency of m ethylat ion at  the 
C/ EBPĮ t ranscript ion factor binding site is 1.8- fold higher than the average 
frequency for other sites in the region and even in DNA m olecules which are 
sparsely m ethylated at  the lept in prom oter only a few sites rem ain m ethylated 
but  often alongside the C/ EBPĮ t ranscript ion factor binding site.  This is 
unexpected in adipose t issue as in vit ro assays have shown that  methylat ion of 
this site leads to a decrease in lept in prom oter act ivit y (Melzner et  al, 2002) .  
Although the C/ EBPĮ t ranscript ion factor binding site exhibit s significant  levels of 
m ethylat ion in both hum an and m ouse adipose t issue, elect rom obilit y shift  
assays have been used to dem onst rate that  C/ EBPĮ , which is the predom inant  
C/ EBP present  in m ature adipocytes (Mason et al, 1998) , can bind to both an 
unm ethylated and a m ethylated (5-m C)  binding site (Melzner et  al, 2002) .  This 
suggests that  m ethylat ion does not  sim ply prevent  t ranscript ion factors from  
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binding but  m ay also be involved in recruit ing them .  Addit ionally, the 
m ethylat ion status of a t ranscript ion factor binding site m ay determine which 
t ranscript ion factor binds to the site.  cAMP response elem ent -binding protein 
(CREB)  binds the CRE sequence, TGACGTCA, when the internal CpG is 
unm ethylated.  However, when the internal CpG is m ethylated, C/ EBPĮ binds to 
CRE sequence and the binding of CREB is inhibited (Rishi et  al, 2010) .  This 
inform at ion shows that  several proteins m ay be able to bind to a t ranscript ion 
factor binding site and that  the methylat ion status of a CpG within a t ranscript ion 
factor binding site m ay be im portant  in determining which t ranscript ion factor  is 
recruited or repressed. 
The specific presence of 5-hm C has not  yet  been determined at  the lept in 
prom oter and it  is possible that  observed 5-m C pat terns actually consisted of 5-
m C and/ or 5-hm C.  As 5-m C is associated with t ranscript ional silencing, it s 
presence at  the lept in prom oter in adipose t issue where lept in is highly 
expressed is somewhat  unexpected.  Although this m ay be explained by the 
hypothesis that  DNA m olecules exhibit ing DNA m ethylat ion at  the lept in 
prom oter are derived from  undifferent iated or different iat ing preadipocytes that  
m ay be on a dem ethylat ion pathway towards a state of lept in expression, it  is 
also plausible that  this apparent  5-m C is actually 5-hm C;  a m ark which has been 
linked to t ranscript ional act ivat ion (William s et  al, 2011) .  Binding of MeCPs m ay 
cont ribute to the t ranscript ional silencing of the lept in gene when it  is 
m ethylated (Pinnick & Karpe, 2011)  but  the presence of just  one 5-hm C base in 
a DNA sequence can significant ly inhibit  binding of MeCPs (Ruzov et  al, 2011;  
Valinluck et  al, 2004) .  Although in vit ro C/ EBPĮ binds to an unm ethylated or a 
m ethylated binding site, there is no inform at ion regarding the binding of C/ EBPĮ 
t o a hem i-m ethylated or hydroxym ethylated binding site.  Genom e-wide studies 
have found that  5-hm C appears to be associated with t ranscript ion factor binding 
to distal regulatory sites during adipocytes different iat ion of 3T3-L1 cells 
(Sérandour et  al, 2012) .  Regions gaining 5-hm C are associated with gene 
expression in adipocytes.  Hydroxym ethylat ion of enhancers is an early event  of 
enhancer act ivat ion and acquisit ion of 5-hm C in distal regulatory regions m ay 
represent  a m ajor event  in the progression of an enhancer towards an act ive 
state and m ay part icipate in the select ive act ivat ion of t issue-specific genes 
(Sérandour et  al, 2012) . 
Hum an and m ouse sperm  DNA have also been sam pled for m ethylat ion at  the 
lept in prom oter (Stöger, 2006) .  Predom inant ly hypom ethylated epialleles were 
recovered from  hum an and m ouse sperm although a sm all number of 
m ethylated sequences were observed which may be a result  of contaminat ion 
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with som at ic cells;  but  it  cannot  be ruled out  that  they do not  originate from  the 
gam etes and there is evidence to show that  som e other genes carry m ethylated 
states in the m ale germ  line.  As lept in has not  been shown to carry a parental 
specific im print  and the locus is generally unm ethylated in sperm , this data 
suggests that  de novo m ethylat ion of the lept in prom oter generally occurs after 
fert ilisat ion (Stöger, 2006) .      
1 .3 .1  Environmental influence on DNA m ethylat ion at  the lept in 
prom oter 
Lept in has been ident ified as a gene which m ay be suscept ible to 
environm entally influenced epigenet ic var iat ion, and there is evidence to show 
that  DNA m ethylat ion at  the lept in prom oter in adult  hum an t issues correlates 
with st resses experienced during early life.  The environm ent we experience has 
an effect  on our biology and although the m echanism  by which an environm ent  
can influence phenotype is not  fully understood m ost  dietary, physical, chem ical 
and stochast ic environm ental influences do not  have the abilit y to prom ote a 
change in the genom ic DNA sequence or perm anent ly alter genet ic processes 
(Ober & Vercelli, 2011) .  However, there is evidence to show that  som e 
environm ental factors have the abilit y to induce stable alterat ions in the 
epigenom e which could perm anent ly alter the regulat ion of genom e act ivity, 
allowing the genome a level of plast icit y in response to the environm ent  
(Skinner, 2011) .  Environm ental exposures have been found to influence histone 
m odificat ions and miRNA expression (Ober & Vercelli, 2011) , but  m ost  studies 
have focused on the effect  that  environm ental and lifestyle factors have on DNA 
m ethylat ion (Alegría-Torres et  al, 2011) .  
Crit ical periods during developm ent  have been ident ified where the effect  of 
environm ental exposures on DNA m ethylat ion have a m ore dram at ic effect .  DNA 
m ethylat ion is part icular ly labile during early developm ent  which can result  in 
lifelong effects ( reviewed by  Faulk & Dolinoy, 2011) .  The m ore dram at ic effect  
of environm ent  at  this stage m ay be at t ributed to it s effect  on epigenet ic 
reprogramm ing, and to the high DNA synthet ic rate, as epigenet ic alterat ions 
that  ar ise during periconcept ion and em bryogenesis would be dram at ically 
am plified by high levels of cell division connected to the rapidly developing 
organs and system s.  The alterat ion would therefore go on to affect  a 
significant ly higher num ber of cells in the offspr ing whilst  an alterat ion to the 
DNA m ethylat ion pat tern of adult  cells would be rest ricted to those cells or their  
residing t issues (Feil & Fraga, 2011) .  This has led to the postulat ion that  early 
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environm ental experiences could be a predictor or indicator of certain 
phenotypes or disease (Faulk & Dolinoy, 2011) .   
The m ajority of studies looking into the effect  of environm ent  on DNA 
m ethylat ion have explored dietary factors such as total calor ie intake, specific 
nut rient  levels and phytochemicals.  Nut rit ion across the life course is an 
im portant  influence of adult  health and disease r isk, an effect  which has been 
linked to the early dietary environment  (Thayer & Kuzawa, 2011) .  The effect  of 
diet  on phenotype is dem onst rated throughout  the anim al kingdom .  For  
exam ple, in the honey bees (Apis m ellifera) , early life nut rit ion is key in 
determ ining the t ype of honey bee that  is produced (Drapeau et  al, 2006) .  I n 
m ice, a prenatal methyl donor rich diet  can change the colour coat  pat tern of 
m ice carrying the agout i viable yellow allele (Waterland & Jirt le, 2003) .  I n both 
of these classic exam ples, evidence suggests that  DNA m ethylat ion influences 
phenotype (Faulk & Dolinoy, 2011;  Gabor Miklos & Maleszka, 2011) .  Diet  could 
im pact  DNA methylat ion by inhibit ing the enzym es or restr ict ing the dietary 
availabilit y of subst rates that  are required for the process.  DNA m ethylat ion is 
related to dietary intake of folate, m ethionine and S-adenosyl m ethionine, a 
derivat ive of m ethionine, which serves as a methyl donor and induces m ethyl 
group t ransfer in m amm alian DNA m ethylat ion react ions.  I n m ice, sustained 
m ethyl donor supplem entat ion from  periconcept ion result s in increased, 
genom e-wide epigenet ic var iat ion which becom es progressively am plif ied in 
consecut ive generat ions (Li et  al, 2011) .  I n the sheep, rest rict ing vitam in B12, 
folate and m ethionine during periconcept ion leads to adult  offspr ing that  are 
fat ter and heavier and also have widespread epigenet ic alterat ions to DNA 
m ethylat ion in the offspring (Sinclair  et  al, 2007) . 
Lept in has been ident if ied as a gene which appears to be subject  to dietary 
influences. In a study using hum an subjects that  were conceived during the 
Dutch hunger winter, DNA m ethylat ion of the lept in gene was higher in 
individuals who were periconcept ionally exposed to wart im e famine when 
com pared to that  of their  unexposed same sex siblings.  In m ale subjects 
exposed late in gestat ion there were also differences in lept in prom oter 
m ethylat ion indicat ing that  the effect  is t im ing and sex-specific (Tobi et  al, 
2009) .  A similar study invest igat ing the effect  of a low-protein diet  during 
gestat ion concluded that  mice born to m others that  were fed a low-protein-diet  
have a lower body weight .   They also exhibit  a higher food intake in com parison 
to m ice born to m others which were fed a cont rol diet .  These aberrat ions 
persisted throughout  life and correlated with lower lept in m RNA expression and 
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protein expression (Jousse et  al, 2011) .  Addit ionally, DNA m ethylat ion analysis 
revealed the dem ethylat ion of CpG dinucleot ides of the prom oter of lept in. 
Whilst  there appears to be an effect  of prenatal diet  on lept in prom oter 
m ethylat ion, other studies invest igat ing the effect  of diet , but  not  prenatal diet , 
have found no difference in DNA m ethylat ion at  the lept in prom oter.  I n a m ouse 
study, a high fat  diet  correlated with increased lept in expression but  no change 
in lept in prom oter methylat ion was observed (Fan et  al, 2011) . 
 
1 .4  Sum m ary 
Lept in is a key metabolic horm one and abnorm al lept in expression levels have 
been linked to a variety of condit ions and diseases.  There is very lit t le 
inform at ion regarding the t ranscript ional and epigenet ic regulat ion of this gene. 
As it s prom oter region lies within a CpG r ich region, DNA m ethylat ion m ay play a 
role in this process.  The lept in prom oter is a T-DMR and has been described to 
exhibit  cytosine methylat ion in adipose t issue, the pr im ary site of lept in 
expression.  Cytosine m ethylat ion is generally associated with gene silencing but  
the techniques used to explore DNA m ethylat ion at  the lept in prom oter do not  
different iate between 5-m C and 5-hm C, another epigenet ic m ark which m ay be 
involved in t ranscript ional regulat ion.  Recent  evidence shows that  the t issue or 
cell type, the gene of interest  and the locat ion and type of DNA methylat ion 
present  at  a prom oter are im portant  in determining its funct ion.  There is also 
evidence to show that  environm ental st resses experienced during early life affect  
the DNA m ethylat ion pat tern at  the lept in prom oter.  I t  is therefore of 
im portance to determine the mechanism s by which the lept in prom oter becomes 
m ethylated, the specific cytosine m odificat ions present  at  the lept in prom oter 
and the effect  of the environm ent on these m odificat ions. 
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1 .5  Developm ent  of w orking hypothesis 
DNA m ethylat ion is the m ost  intensively studied epigenet ic m ark, part icularly in 
diseased states such as cancer (Sproul & Meehan, 2013) .  DNA m ethylat ion is 
usually associated with gene silencing and this is dem onstrated in the processes 
of genomic im print ing and X-chrom osom e inact ivat ion.  However, we have yet  to 
determ ine the com prehensive role of DNA m ethylat ion in fundamental processes 
of the life cycle.   
Lept in is a key m etabolic horm one and the lept in prom oter, which is well 
conserved between m any species, is a CpG rich region.  DNA m ethylat ion in CpG 
r ich regions is generally thought  to regulate gene expression, however there is 
lit t le inform at ion regarding the role of DNA m ethylat ion at  the lept in prom oter.  
Most  studies invest igat ing DNA methylat ion at  the lept in prom oter have focused 
on hum an, rat  and m ouse, however, lept in has become the focus of 
invest igat ions in farm  anim als with regards to both m eat  and m ilk product ion.  
Adipose t issue not  only affects m eat  qualit y and value but  also provides energy 
reserves for pregnancy and lactat ion.  Single nucleot ide polym orphism s (SNPs)  
of lept in and the lept in receptor have been intensively studied and provided 
inform at ion to im prove fert ilit y in cat t le and pigs and other processes (Wylie, 
2011) .  There is no inform at ion regarding DNA m ethylat ion of the lept in 
prom oter with regards to im proving m eat  product ion, lactat ion and fert ilit y in 
farm  anim als.  I t  has also been found that  prenatal diet  can influence lept in 
prom oter DNA m ethylat ion (Tobi et  al, 2009) .  Therefore, characterisat ion of 
lept in prom oter DNA methylat ion in farm  anim als m ay provide basic but  valuable 
inform at ion for the im provem ent  of reproduct ion and m eat  quality.    
Whilst  the enzymes which methylate DNA, the DNA m ethylt ransferases (DNMTs)  
are well character ised, the specific m echanism  by which DNA becom es 
m ethylated is not .  I n vit ro studies have contr ibuted m uch inform at ion to our 
knowledge of these m echanisms.  However, in vivo, t he DNMTs work in concert  
with other factors which enhance their  act ivit y.  Addit ionally, there is now data 
derived from  in vivo studies which quest ions the general percept ions regarding 
the individual contr ibut ions of the three catalyt ically act ive DNMTs, DNMT1, 
DNMT3a and DNMT3b to DNA m ethylat ion pat terns.  These general percept ions 
have led to the m ajor it y of scient ists disregarding one st rand of a DNA m olecule 
as it  is assumed both st rands have the sam e m ethylat ion pat tern.  To address 
problems associated with invest igat ing DNMT act ivity in vit ro, m ESCs with 
knockouts for the DNMTs were sourced for this study.  Hairpin-bisulfit e 
sequencing (Hp-bss) , a technique which allows for the analysis of DNA 
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m ethylat ion pat terns on both st rands of an individual DNA m olecule (Laird et  al, 
2004) was used in order to rem ove the bias that  m ay be caused by analysing 
only one strand of a DNA m olecule.   
Unt il recent ly, it  was thought  by m any that  5-m ethyl cytosine (5-m C) was the 
only cytosine m odificat ion present  in m amm alian DNA and subsequent ly the 
term  “DNA m ethylat ion”  predom inant ly refers to 5-m C.  However, in the 1970s a 
report  of another cytosine m odificat ion, 5-hydroxym ethylcytosine (5-hm C) , in 
m am m alian DNA was published (Penn et  al, 1972) .  At  the t ime, 5-hm C was 
determ ined to be an oxidat ive dam age product  and deem ed to be of lit t le or no 
im portance and subsequent ly forgot ten.  Recent ly, 5-hm C was rediscovered in 
the purkinje cells of the brain (Kriaucionis & Heintz, 2009) .  Addit ionally, it  has 
been revealed that  m any techniques used for the analysis of DNA m ethylat ion do 
not  dist inguish between 5-m C and 5-hm C (Huang et  al, 2010;  Nestor et  al, 
2010) .  Consequent ly much of the published data regarding DNA methylat ion 
and specifically 5-m C m ay be skewed by the presence of 5-hm C.  These two 
cytosine m odificat ions m ay have different  roles and whilst  5-m C is generally 
associated with gene silencing, reports have proposed both a gene silencing and 
gene expression role for 5-hm C am ongst  other possibilit ies.  To invest igate the 
relat ionship between DNA m ethylat ion at  the lept in prom oter and lept in 
expression the 3T3-L1 preadipocyte cell line, which do not  express lept in, were 
different iated into adipocytes, which do express lept in. 
 
I n sum m ary, the m ain object ives of this study were to contr ibute to the gap in 
knowledge concerning DNA m ethylat ion at  the lept in prom oter, specifically:  
i)  The effect  of a  high- fat  prenatal diet  on lept in expression levels 
and DNA m ethylat ion levels, 
ii)  The role of the individual DNMT enzym es in methylat ing this 
region and 
iii)  The role of DNA m ethylat ion account ing for  both 5 - m C and 5 -
hm C in lept in gene expression. 
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Chapter  2 . Character isat ion of porcine lept in prom oter  DNA 
m ethylat ion in visceral and subcutaneous adipose t issue 
2 .1  I nt roduct ion 
The lept in prom oter displays a high level of conservat ion between m any species 
(Figure 1.1 and Figure 2.14) .  DNA m ethylat ion at  the lept in prom oter has been 
studied m ainly in hum an, m ouse and rat ;  there is current ly no inform at ion 
regarding the porcine lept in prom oter. Character ising the porcine lept in prom oter 
with regards to DNA m ethylat ion m ay be im portant  to the successful farming of 
pigs in the context  of both m eat  product ion and reproduct ion for the following 
reasons. Lept in levels have been shown to correlate with bir th weight  in hum ans 
(Marchini et  al, 1998)  and there is a documented relat ionship between bir th 
weight  and the subsequent  growth and developm ent  of organs and t issues 
(Morise et  al, 2008) .  Lept in resistance appears to cont ribute to low reproduct ive 
efficiency in pigs (Ast iz et  al, 2013) . 
Lept in is pr im arily expressed in adipocytes of white adipose t issue, a 
heterogeneous endocrine organ which presents it self in the form  of two 
anatomically, st ructurally and funct ionally dist inct  depots. Whereas 
subcutaneous adipose t issue (SAT)  is found in a fat  layer direct ly under the skin, 
v isceral adipose t issue (VAT)  is located deeper within the body, surrounding the 
internal organs (I brahim , 2010;  Wronska & Kmiec, 2012) . 
There is evidence to show that  VAT and SAT express lept in at  different  levels, 
although this is yet  to be determined in the pig.  I n hum ans several studies have 
found that  SAT has a higher lept in m RNA expression level than VAT (Van 
Harmelen et  al, 1998;  Zha et  al, 2009) .  I n rodents differences in lept in 
expression have also been observed, but  the highest  expressing depot  appears 
to be dependent  on m aturity.  At  1-2 weeks of age SAT is the m ain site of lept in 
expression (Rayner et  al, 1997)  whilst  in m ature rats lept in expression is greater 
in the VAT (Maffei et  al, 1995) .  
Adipocytes are formed from  the different iat ion of precursor cells known as 
preadipocytes.  Differences in lept in expression between the two depots m ay be 
a consequence of different  genet ic different iat ion program s of adipocyte 
precursers between the two depots (Tchkonia et  al, 2007) .  Adipocytes clearly 
express lept in and although preadipocytes are considered not  to express lept in 
(Wang et  al, 2008)  there is evidence of lept in expression in both hum an 
(Wabitsch et  al, 1996)  and porcine preadipocytes (Barb et  al, 2001) .  The 
different  rat io of preadipocytes to adipocytes between VAT and SAT (Wronska & 
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Km iec, 2012)  could also be a factor influencing lept in expression levels.  I n 
hum ans, the two depots are pr im arily com posed of different  types of adipocyte, 
with visceral adipocytes being sm aller than subcutaneous adipocytes (Wronska & 
Km iec, 2012) .  Lept in expression levels correlate with adipocyte size as larger 
adipocytes give higher lept in expression levels than sm all adipocytes (Marget ic 
et  al, 2002) .  Therefore, the rat io of sm all adipocytes to large adipocytes within 
the depot  m ay also be a factor influencing lept in expression levels between VAT 
and SAT.  I f lept in is t ranscript ionally regulated via DNA m ethylat ion, then 
differences in DNA m ethylat ion levels between the two depots m ay also be 
apparent .       
Sex-specific differences in adipose depots and lept in expression have also been 
observed.  I n hum ans, VAT accounts for m ore of the m ale total body fat  than in 
fem ales whilst  women have m ore SAT than males (Karastergiou et al, 2012) .  
This coincides with the observat ion of a sexual dim orphism  in lept in m RNA 
expression where fem ales have higher lept in expression (Montague et al, 1997) .  
There is also a correlat ion between plasm a lept in levels and birth weight .  
I nfants born sm all for gestat ional age (SGA)  have lower plasm a lept in levels 
than infants born large for gestat ional age (LGA)  (Marchini et  al, 1998) .  
However, there is no inform at ion regarding lept in expression levels between SGA 
infants and LGA infants in VAT and SAT.   
I n hum ans and m ice the lept in prom oter is a t issue-specific different ially 
m ethylated region (T-DMR)  and evidence suggests its t ranscript ion and 
expression m ay be regulated epigenet ically through DNA m ethylat ion (Melzner et  
al, 2002;  Stöger, 2006) .  Despite reports com paring differences in lept in m RNA 
expression between VAT and SAT, m ales and fem ales and SGA and LGA infants, 
there has been no reported at tem pt  to determ ine if these variat ions in lept in 
expression correlate with differences in DNA methylat ion at  the lept in prom oter.  
Furtherm ore, lept in has been ident ified as a gene which is suscept ible to 
epigenet ic variat ion influenced by environmental factors such as prenatal 
nut rit ion. This was dem onst rated in 2009 by Tobi et  al who found DNA 
m ethylat ion of the lept in prom oter in offspr ing conceived during the Dutch 
hunger winter to be higher than in their  unaffected, sam e-sex siblings.  The 
effect  of prenatal diet  on lept in prom oter m ethylat ion has been further 
docum ented in a m ore recent  study in m ouse (Jousse et  al, 2011) .  I t  was found 
that  plasm a lept in levels were lower in adult  m ice exposed to a low protein 
perinatal diet  in com parison to m ice on cont rol diets.  This coincided with lower 
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lept in prom oter DNA m ethylat ion levels in the adult  m ice exposed to a low 
protein perinatal diet . 
2 .1 .1  Aim s and object ives 
The aim  of the work presented in this chapter was to invest igate DNA 
m ethylat ion levels at  the lept in prom oter in porcine VAT and SAT by 
pyrosequencing, taking into account  the effect  of sex, size at  bir th and also 
m aternal diet  during pregnancy.  Whilst  studies have reported interest ing 
observat ions regarding the influence of these factors on either lept in m RNA 
expression levels or DNA methylat ion at  the lept in prom oter, they rarely 
correlate both factors.  The work presented in this chapter will therefore take 
both DNA methylat ion and m RNA expression into account . 
 
2 .2  Mater ia ls and m ethods 
Pig t issue sam ples were obtained from  an ongoing study by Dr Alison Mostyn 
(School of Veterinary Medicine and Science, University of Not t ingham ) . All 
anim al procedures described in this thesis were approved by the Ethics 
Com m it tee for Anim al Experim ents of the Animal Sciences Group of Wageningen 
Research Centre, and conducted at  Schothorst  Feed Research in The 
Netherlands. 
2 .2 .1  Rearing of anim als and diets 
Yorkshire x Landrace sows, reared at  Schothorst  Feed Research in the 
Netherlands, were art ificially insem inated in order to ensure the accurate 
predict ion of their  farrowing date as comm ercially pract ised in the pig indust ry.  
Pr ior to this study all sows were adm inistered the sam e diet .  The experimental 
t reatm ents started at  the day of breeding when sows (n= 13)  were randomly 
assigned to one of two isocalor ic gestat ional diets with varying starch and fat  
contents (Table 2.1;  for full dietary com posit ion see Appendix A) .  
Sows were fed according to an increasing feeding schem e during gestat ion (25.1 
MJ NE/ day from  day 0 to 70, and 32.6 MJ NE/ day from  day 70 to 110) to m eet 
increasing m etabolic dem and as gestat ion progressed.  The high fat / low starch 
diet  contained higher energy content .  To account  for this the daily feed 
allowance for these sows was reduced ensuring equivalent  calor ic intake 
between the two groups (Table 2.1) . Sows of parit ies 2 to 6 were dist ributed 
equally between the two t reatm ents, with a m ean parit y of 3.8 (SEM =  0.24) . 
Sows of parity 2 received 95%  of the feeding schem e. Diets were provisioned in 
a factory for research diets and according to the Nat ional Research Council 
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(NRC)  nut rient  recomm endat ions for gestat ing and lactat ing sows.  The cont rol 
group were fed a high-starch diet  as is comm ercial pract ise in the pig industry.   
Cereals or tapioca were provided as the source of starch. The high- fat  diet  
contained palm oil, which has an equal rat io of saturated to unsaturated fat ty 
acids, to increase fat  content  and had a reduced starch content  to m aintain equal 
energy intake.  
 
Table 2 .1  Feed quant ity and composit ion of gestat ional diets.  Sows were assigned 
to isocaloric gestat ional diets with varying starch and fat  contents according the stage of 
gestat ion.  The daily feed allowance of the sows subjected to a high fat  diet  was 
decreased to account  for higher energy content, ensuring equivalent  caloric intake 
between the two groups.  
 
Feed quant ity during gestat ion 
( kg/ day)  
Diet  composit ion 
( MJ NE/ Kg)  
Gestat ional diet Day 0 - 40  Day 4 0 -7 0  Day 7 0 -1 1 0  Starch Fat  Protein 
 
Control ( n= 1 3)  
 
2.89 
 
2.89 
 
3.75 
 
5.37 
 
0.93 
 
2.09 
High- fat  ( n= 1 3)  2.51 2.51 3.26 2.74 3.29 2.07 
 
 
Cont rol or high fat  diets were fed from  the day of m at ing (day 0)  unt il the day of 
gestat ion (day 110) .  One week pr ior to the expected farrowing date, sows were 
t ransferred to farrowing crates and farrowed naturally.  From  day 110 and 
throughout lactat ion sows were adm inistered the sam e diet  for lactat ion (Table 
2.2;  for full dietary com posit ion see Appendix A) . Feeding levels was decreased 
before farrowing, and then steadily increased post - farrowing, as is norm al 
pract ice in the pig indust ry (Table 2.2) . The feed intake of each sow was 
recorded throughout  pregnancy and lactat ion.  After birth, piglets were allowed 
to suckle and ext ra piglets were rem oved before day three post - farrowing 
according to the num ber of funct ional teats.  From  week 2 of age all piglets were 
fed standard creep feed (Table 2.3;  for nut r ient  com posit ion see Appendix B)  
and at  weaning (approxim ately day 28) , piglets were housed in pens with pigs of 
sim ilar body weights.  From  3 weeks post -weaning piglets were administered a 
com m ercial post-weaning diet  (Table 2.3) . At  f ive to six weeks post -weaning, 
piglets at  approxim ately 25kg were placed in a pen with piglets of m ixed sex and 
equal bodyweights and received a grower diet  followed by a com m ercial diet  for 
f inishing pigs (Table 2.3) .  On reaching six m onths of age piglets were 
slaughtered at  an approxim ate com m ercial slaughter weight  of 110kg. 
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Table 2 .2  Feed allow ance of sow s from  day 1 10  of gestat ion and throughout  
lactat ion   
Day Feed allow ance ( Kg/ day)  
1 1 1 - 11 3  3.2 
1 1 4 - 11 5  2.5 
Farrow ing 2.0 
1  2.5 
2  3.0 
3  3.5 
4  4.0 
5  4.5 
6  5.0 
7  5.5 
8  5.5 
9 - 1 0  6.0 
1 1 - 2 8  Ad libitum 
 
 
Table 2 .3  Composition of sow  and piglet  diets 
Diet  composit ion ( MJ NE/ Kg)  
 
Sow  diet Piglet  diet 
 
Pr ior  to 
study 
During 
lactat ion 
Creep 
feed 
Post-
w eaning 
Starter  
diet 
Finisher 
diet 
 
Starch 
 
 
5.65 
 
 
5.42 
 
 
5.65 
 
 
6.12 
 
 
6.44 
 
 
6.39 
 
 
Fat  
 
2.25 2.33 2.78 2.20 1.82 1.69 
Protein 2.65 2.75 2.99 2.98 2.89 2.72 
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2 .2 .2  Tissue collect ion 
Tissue collect ion was perform ed at  Schothorst  Feed Research in the Netherlands. 
I n this study, adipose t issues from  six m onth old piglets of sm all and m edium  
bir th weight  were sam pled.  Size category was determined at  one week of age 
when piglets were assigned as being sm all or m edium according to their  size.  
The piglet  with the median birth weight  in each lit t er was selected as the 
m edium  birth weight  sam ple. Often m ult iple piglets fell in the m edian bir th 
weight  range and where possible m edium  birth weight  piglets were m atched for 
sex with sm all birth weight  piglet  from  the sam e lit t er.  Cast rat ion of boars for 
m eat qualit y is standard com mercial pract ice however m ales selected for this 
study were not  cast rated. 
 
Anim als chosen for sam pling were sedated by an int ram uscular inject ion of a 
ketam in-xylazine combinat ion (Ketamin 10% , Alfasan I nternat ional BV, 
Woerden, The Netherlands) . Piglets were weighed before euthanasia with T-61 
dose ( I ntervet , Boxm eer, The Netherlands) .  Subcutaneous and visceral adipose 
t issue were collected, snap-frozen in liquid nit rogen and stored at  -80 °C for later 
analysis. 
 
2 .2 .3  DNA m ethylat ion analysis 
2 .2 .3 .1  Genom ic DNA ( gDNA)  extract ion 
Genom ic DNA (gDNA)  was ext racted using the DNeasy Blood and Tissue kit  
(Qiagen Ltd., West  Sussex, UK) .  I n br ief, cells were suspended in 200µl ALT 
lysis buffer containing 20µl proteinase K solut ion (both supplied with kit ) .  Lysis 
was performed by overnight  incubat ion at  56°C on th e PCH-1 dry block heater 
(Grant  Bio I nst ruments, New Jersey, USA)  and com plete disrupt ion was ensured 
by adding 200µl buffer AL.  After the addit ion of 200µl absolute ethanol, the 
lysate was passed through a DNeasy spin column to allow gDNA to bind the 
colum n m atr ix.  After several wash steps with wash buffers provided to rem ove 
residual m aterial, gDNA was eluted from  the column in 100µl buffer AE.  gDNA 
was tested for qualit y and concent rat ion using the Nanodrop ND1000 UV-Vis 
spectrophotom eter (Nanodrop, Wilmington, USA)  and by elect rophoresing 2µg 
nucleic acid on an agarose gel (Sect ion 2.2.3.3.3) .  gDNA was stored at  -20°C. 
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2 .2 .3 .2  Bisulfite  Conversion of gDNA 
gDNA was converted using a bisulfit e conversion protocol as described in 
(Genereux et  al, 2008)  which result s in the conversion of cytosine, 5-
carboxylcytosine and 5-formylcytosine to uracil but  leave 5-m C and 5-hm C 
unchanged.  DNA was denatured by suspension in 20µl 0.3M sodium  hydroxide 
and incubat ion at  37°C for 30 m inutes on a therm al cycler (Eppendorf, 
Stevenage, UK) .  180µl bisulfit e solut ion consist ing of a 45%  amm onium  bisulfit e 
solut ion (A1145-51002, Spect rum  Laborator ies, USA)  containing 4M sodium 
bisulfit e and 1M am m onium sulphite m onohydrate was pre- incubated at  70°C 
and added to the denatured DNA.  DNA was converted by incubat ion at  70°C for 
80 m inutes using a therm al cycler (Eppendorf, Stevenage, UK) .   
The bisulfit e t reated DNA was purified using the Qiaquick PCR purificat ion kit  
(Qiagen Ltd., West  Sussex, UK) . DNA was m ixed with 1ml DNA binding buffer 
(PB, supplied with kit )  and passed through a PCR purif icat ion spin colum n.  After 
a wash step with buffer PE (supplied with kit )  converted DNA was eluted from  
the column with 45µl elut ion buffer (supplied with kit ) .   
Desulphonat ion was perform ed by addit ion of 5µl 3M sodium  hydroxide and 
incubat ion at  37°C for 20 minutes on the PCH-1 dry block heater (Grant  Bio 
I nst ruments, New Jersey, USA) .  DNA was purif ied by passing sam ples through 
an I llust ra S-200 spin column (27-5120-01, GE Healthcare, Buckinghamshire, 
UK)  and stored at  -20°C. 
 
2 .2 .3 .3  Pyrosequencing 
2 .2 .3 .3 .1  Pyrosequencing assay design 
The Pig (Sus scrofa)  Lept in (LEP)  gene promoter region sequence (accession 
num ber GenBank:  AF492499.2;  16,810 bp)  was obtained from  the nucleot ide 
database by the Nat ional Center for Biotechnology I nform at ion, NCBI  
(ht tp: / / www.ncbi.nlm .nih.gov/ nuccore/ AF492499) .  The assay was designed to 
interrogate nine CpGs of the core lept in prom oter from  5,602-5,665bp (Appendix 
E) .  CpG-5 is located within a C/ EBPĮ t ranscript ion factor binding site.  The assay 
was designed to produce one PCR product  from  which two sequencing prim ers 
would be used to pyrosequence the region, one for CpGs 1-3 and one for CpGs 
4-9.  PCR prim ers were designed to am plify the sense st rand of the porcine 
lept in prom oter and sequence the ant isense st rand of the PCR am plicon.  
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2 .2 .3 .3 .2  Pyrosequencing PCR 
Converted DNA (Sect ion 2.2.3.2)  was am plified in a PCR react ion (Table 2.4) .  
Pr im ers were obtained HPLC purif ied from  Eurofins (Eurofins MGM Operon, 
Ebersberg, Germ any) .  Pr im er sequences were forward:  5’ TTGAGGAATTTTC 
GGTTGTTATTTTGT 3’ and reverse:  5’ BI O-TACCCTCCCCTCTTATAAA 3’.  The 
reverse prim er was biot inylated at  the 5’end in order to sequence the ant isense 
st rand of the PCR am plicon.  The expected PCR product  size was 310bp.  A no-
tem plate cont rol was included to ensure am plificat ions were contam inat ion free.  
    
 
Table 2 .4  PCR react ion m ixture 
Reagent Volume per sample 
HotStar Taq Masterm ix 12.5µl 
Nuclease free w ater 4µl 
Forw ard pr imer ( 1 0m M)  1µl 
Reverse pr im er ( 10 m M)  1µl 
Bisulfite converted DNA 
( from  2 µg gDNA)  6.5µl 
 
 
TOTAL  2 5 µl 
 
 
2 .2 .3 .3 .3  Agarose gel e lectrophoresis 
PCR products were elect rophoresed through a 1.5%  agarose gel in 1x t ris-
acetate-EDTA (TAE)  elect rophoresis buffer.  Gels contained 1: 10,000 RedGel 
nucleic acid stain (Biot ium  I nc., California, USA)  to allow the visualisat ion of the 
PCR product  under U.V. light .  A 100bp DNA ladder (Prom ega, Southham pton, 
UK)  was used to determine PCR product  size.  Gels were visualised using the 
Doc- I t  I m ager (UVP, California, USA) .   
 
2 .2 .3 .3 .4  Pyrosequencing procedure 
10-20µl of PCR product  was used in pyrosequencing react ions to determine the 
percentage of m ethylated/ hydroxym ethylated cytosines at  each of the nine CpG 
sites analysed (Figure 2.14) .  The technique was performed as recomm ended by 
the m anufacturer and all reagents were obtained from  Qiagen unless otherwise 
stated.  PCR products were shaken on the Therm omixer Com fort  (Eppendorf, 
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Stevenage, UK)  at  1400 rpm  for 5 m inutes with 40µl binding buffer, 18µl water 
and 2µl st reptavidin sepharose beads (17-5113-01, GE Healthcare, 
Buckingham shire, UK)  to allow binding of beads to the biot inylated st rand of the 
PCR products.   
 
 
 
 
 
 
 
 
After cleaning with 70%  ethanol, denaturing with denaturing solut ion and 
purif icat ion with wash buffer to rem ove the unbiot inylated DNA st rand using the 
Pyrom ark Q24 Vacuum  Workstat ion (Qiagen Ltd., West  Sussex, UK) , single 
st randed biot inylated DNA was eluted into 25µl annealing buffer containing 
0.3µM sequencing prim er CpGs 1-3:  5’ACGTTGTTTCGTTAGGCGGGG3’ and CpGs 
4-9:  5’GGGTGGGTTAGGGTTTGT3’.  Biot inylated DNA was incubated at  80°C for 
3 m inutes on preheated heat  blocks supplied by Qiagen to allow annealing of the 
sequencing prim er and then left  to cool for 5 m inutes.    
A pyrosequencing dispensat ion cart ridge was filled with Pyrom ark Gold Q24 
reagents, volum es as suggested by pyrosequencing software, and assays were 
perform ed on the Pyrom ark Q24 Pyrosequencer (Qiagen Ltd, West  Sussex, UK) .  
Data was analysed using Qiagen Pyrom ark Q24 software.  Analysis parameters 
were as recomm ended by Qiagen. 
a)
Figure 2 .1  An overview  of Pyrosequencing for CpG DNA m ethylat ion analysis.  
a)  gDNA is bisulfite converted and the region of interest  is amplified in a PCR react ion 
using a biot inylated reverse primer.  The biot inylated st rand of the PCR product  is then 
purified and annealed to a sequencing primer. b)  The pyrosequencer sequent ially 
releases adenine, guanine, cytosine and thym ine nucleot ides and incorporat ion of a 
nucleot ide into the sequence results in a chem ical react ion from  which light  is produced.  
The intensity of the light  produced is relat ive to the number of bases incorporated into 
the DNA and therefore the rat io of cytosines to thym ines can be determ ined.   Adapted 
from  Qiagen pyrosequencing handbook.    
b)  
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2 .2 .4  m RNA expression analysis 
2 .2 .4 .1  Total RNA extract ion 
Total RNA was ext racted using Trireagent  (Am bion, California, USA) .  All 
cent r ifugat ion steps were performed at  4°C.  Cells were hom ogenised in 1ml 
Tr ireagent  solut ion using the Polyt ron PT4000 hom ogeniser (Kinem at ica AG, 
Luzern, Switzerland) .  Lysates were incubated at  room  tem perature for 5 
m inutes before cent rifuging at  10,000 rpm  for 10 minutes.  100µl 1-brom o 3-
chloropropane (BCP)  was added to the supernatant  which was shaken vigorously 
for 15 seconds, incubated at  room  tem perature for 15 minutes and cent rifuged 
at  13,000 rpm  for 15 minutes.  500µl isopropanol was added to the RNA 
containing aqueous phase and the sam ple was shaken vigorously for 15 seconds, 
incubated at  room  tem perature for 15 minutes and cent rifuged at  10,000 rpm  
for 10 m inutes.  The supernatant  was discarded and the RNA pellet  was purif ied 
with 1ml 75%  ethanol and cent rifuged at  10,000 rpm for 5 m inutes.  Ethanol 
was rem oved and RNA was allowed to air  dry before dissolving the pellet  in 30µl 
nuclease free water. 
Total RNA were tested for qualit y and concent rat ion using the Nanodrop and 
agarose gel elect rophoresis (Sect ion 2.2.3.1) .  RNA was stored at  -80°C. 
2 .2 .4 .2  cDNA synthesis 
Residual gDNA was rem oved from  1µg RNA by t reatm ent  with RQ1 RNase-free 
DNase (Prom ega, Southam pton, UK) .  RNA was incubated with DNase at  37°C 
for 30 minutes on the PCH-1 dry block heater (Grant  Bio I nstrum ents, New 
Jersey, USA)  after which 1µl of DNase stop solut ion was added and the mixture 
was incubated at  65°C for 10 minutes to terminate t he react ion. 
All reverse t ranscript ion (RT) reagents were obtained from  Invit rogen Ltd. 
(Paisley, UK)  unless otherwise stated.  The DNase t reated RNA was pr im ed for 
first  st rand cDNA synthesis using 1µl 50µM oligo(Dt )20 and 1µl 10m M dNTPs.  
React ions were incubated at  65°C for 5 minutes on t he PCH-1 dry block heater 
(Grant  Bio Inst rum ents, New Jersey, USA)  and snap-cooled on ice for 5 m inutes.  
RT react ion mixtures were performed using a therm al cycler (Eppendorf, 
Stevenage, UK)  at  50°C for 1 hour and 75°C for 15 m inutes to inact ivate the RT 
enzym e (Table 3.8) .  The result ing cDNA was used direct ly in rt -PCR react ions.  
cDNA was stored at  -20°. 
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Table 2 .5  RT react ion m ixture for  cDNA synthesis 
Reagent Volume per sample 
Pr im ed RNA 13µl 
First  strand buffer 4µl 
0 .1M DTT 1µl 
Nuclease free w ater 1µl 
Superscript  I I I  reverse transcriptase 1µl 
 TOTAL  2 0 µl 
 
  
2 .2 .4 .3  Quant itat ive PCR ( qPCR)  
Relat ive lept in m RNA expression was calculated by quant itat ive PCR (qPCR)  
using sybr green and the Roche lightcycler 480 am plif icat ion system  (Roche 
Diagnost ics Ltd., West  Sussex, UK) .  Am plif icat ions were perform ed in duplicate 
(Table 2.6) .   
 
Table 2 .6  React ion m ixture for  qPCR 
Reagent Volume per sample 
2 x Sybr green 10µl 
Forw ard pr imer ( 5 µM)  0.25µl 
Reverse pr im er ( 5 µM)  0.25µl 
Nuclease free w ater 8.5µl 
cDNA 1µl 
 TOTAL  2 0 µl 
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Prim ers were obtained high purit y salt  free (HPSF)  purif ied from Eurofins 
(Eurofins MGM Operon, Ebersberg, Germ any)  and were designed to cross int ron-
exon boundaries to prevent  the am plif icat ion of gDNA (Table 2.7) . 
 
 
Table 2 .7  Pr im er sequences for  qPCR 
Gene of 
interest Pr im er sequence 
Amplicon 
size ( bp)  
Pr im er 
efficiency 
Lept in Forward:  5’ CATGCAGTCTGTCTCCTCCA 3’ Reverse:  5’ GAGGTTCTCCAGGTCATTCG 3’ 172 1.72 
ß- Act in Forward:  5’ TCCCTGGAGAAGAGCTACGA 3’ Reverse:  5’ CGCACTTCATGATCGAGTTG 3’ 151 1.92 
RPL2 7  Forward:  5’ CCTCATGCCCACAAGGTACT 3’ Reverse:  5’ CAAGAAGCAGGCAGACACAG 3’ 240 1.64 
AZ1 Forward:  5’ GAGTTCCAGGGTCTCCATCA 3’ Reverse:  5’ AGGCAGCGCATACTGCAGGATCCGG 3’ 220 1.52 
 
 
Pr im ers were opt im ised for annealing tem perature, concentrat ion and specificit y 
by performing a m elt  curve and by agarose gel elect rophoresis (Sect ion 
2.2.3.3.3) .  Standard curves were perform ed for all pr im er sets using purified 
PCR products in order to calculate pr imer efficiencies.  A calibrator sam ple ( from  
the standard curve)  was included in every plate in order to account  for any 
variat ion in PCR efficiency between plates.  No- tem plate cont rols were also 
included to detect  contam inat ion.  Relat ive expression was norm alised against  
three endogenous control genes;  ß-Act in, RPL27 and AZ1 which have been 
deem ed suitable for use as housekeeping genes in porcine adipose t issue 
(Piórkowska et  al, 2011) .   
96 well PCR plates (LightCycler 480 mult iwell plate, Roche)  were sealed using 
sealing foil (LightCycler 480 sealing foil, Roche)  and cent r ifuged for 2 m inutes 
pr ior to am plif icat ion.  Amplificat ions were perform ed using the following therm al 
profile:  95°C 10 minutes, 95°C 10 seconds, 60°C 50 seconds and 72°C 1 second 
over 45 cycles and 40°C 10 seconds. 
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2 .2 .5  Stat ist ical Analysis 
The im balanced nature of this study, with respect  to anim al num bers per dietary 
t reatm ent , piglet  sex and size at  birth (Appendix C, Appendix D) prohibited 
convent ional ANOVA. I nstead data were analysed using a m ixed linear restr icted 
m axim um  likelihood (REML;  Genstat , 2011)  algorithm  in which piglet  sex, size at  
bir th, m aternal diet , CpG site and m aternal diet  x CpG site or relat ive expression 
form ed the fixed effects, and birth m other (sow)  and bir th m other x piglet  
form ed the random  effects. In so doing this m odel effect ively recognised the 
bir th m other as the experim ental unit  and so correct ly apport ioned degrees of 
freedom for the analysis of expression and methylat ion between experim ental 
factors ( i.e. m aternal diet , piglet  sex and size)  and between individual CpGs 
within piglet . Methylat ion data were not  norm ally dist ributed and so were log10 
t ransformed prior to analysis. Methylat ion data are therefore presented as log10 
m eans (r S.E.M.) , and back-t ransform ed geom et r ic m eans. 
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2 .3  Results 
2 .3 .1  Visceral vs. subcutaneous adipose t issue depots 
Differences in cellular com posit ion and lept in expression levels between adipose 
t issue depots m ay be reflected by different  DNA m ethylat ion levels.  To assess 
this, v isceral and subcutaneous adipose t issue derived from  the sam e control 
pigs were pyrosequenced for DNA m ethylat ion levels at  the lept in prom oter 
(Figure 2.2) . 
The regional average, defined as the mean methylat ion level of all nine CpGs 
between all sam ples in each group, was com pared followed by a com parison of 
DNA m ethylat ion at  each of the nine CpGs interrogated.  The regional average 
DNA m ethylat ion level was the sam e between the subcutaneous and visceral 
t issues at  5%  (Figure 2.2a) .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When analysing DNA m ethylat ion levels at  individual CpGs, no significant  
difference between the two depots was observed (Figure 2.2b) .  However, the 
differences in DNA m ethylat ion levels between individual CpGs within each t issue 
type were significant ;  visceral (p= 0.002)  and subcutaneous (p= 0.002) .  With the 
except ion of CpG-5 and CpG-6, all CpG sites exhibited low DNA m ethylat ion 
levels of between 1-6%  in both t issue types.  This is com parable to the regional 
average of 5%  (Figure 2.2) .  At  CpG-5, located within a C/ EBPĮ t ranscript ion 
a)  b)  
Figure 2 .2  Lept in prom oter  DNA m ethylation in visceral ( VAT)  and 
subcutaneous ( SAT)  adipose t issue.   The percentage DNA m ethylat ion determ ined 
by pyrosequencing at  nine CpGs of the core lept in promoter were plot ted as Log10 
values ( left  axis)  and geom etric means ( r ight  axis).  a)  The regional average DNA 
m ethylat ion level across the nine CpGs. White bars indicate Log10 values, black bars 
indicate geom etric means b)  DNA methylat ion levels at  the nine individual CpGs.  
White bars indicate VAT, black bars indicate SAT.  
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factor binding site, a 3%  increase relat ive to the regional average was observed 
in the visceral adipose t issue and in the subcutaneous adipose t issue the 
increase was m ore not iceable at  13% .  At  CpG-6, located ten nucleot ides (nt )  
proxim al to a TATA box elem ent , higher levels of DNA m ethylat ion relat ive to the 
regional average of 10%  and 11%  were also observed in both the visceral and 
subcutaneous depot  respect ively.   
Despite there being no significant  difference in DNA m ethylat ion, lept in m RNA 
expression levels were significant ly higher in the visceral depot  (p= < 0.001)  
(Figure 2.3) . 
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Figure 2 .3 .  Leptin mRNA expression in visceral ( VAT)  and subcutaneous ( SAT)  
adipose t issue .   m RNA expression levels were quant ified by qPCR and norm alised 
DJDLQVWWKUHHKRXVHNHHSLQJJHQHVǃ-act in, RPL27 and AZ1.   
  
45 
 
2 .3 .2  Male vs. fem ale 
Pyrosequencing was used to assess sex-specific differences in DNA m ethylat ion 
at  the lept in prom oter in both visceral (Figure 2.4)  and subcutaneous (Figure 
2.6)  adipose t issue depots.  Uncont rollably the num ber of m ale piglets obtained 
for the study (n= 11 for visceral and n= 5 for subcutaneous)  was higher than the 
num ber of fem ale piglets obtained (n= 2 for visceral and subcutaneous) .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I n visceral adipose t issue, no significant  difference was observed between m ales 
and fem ales when analysing both the regional average (Figure 2.4a)  and CpG 
specific (Figure 2.4b) DNA m ethylat ion levels.  However, differences in DNA 
m ethylat ion levels between individual CpGs within each group were significant ;  
m ale (p= 0.002)  fem ale (p= 0.002) .  With the except ion of CpG-5 and CpG-6, low 
levels of DNA m ethylat ion between 2 and 8%  were observed at  all CpGs in both 
sexes.  In m ales and fem ales, CpG-5 and CpG-6 were m ore highly m ethylated 
than the other CpGs in the region.  CpG-5 was 9%  and 4%  m ore highly 
m ethylated than the regional average in m ales and fem ales respect ively, whilst  
CpG-6 was 14%  and 15%  m ore highly m ethylated than the regional average in 
m ales and fem ales respect ively. 
 
 
Figure 2 .4  Leptin prom oter  DNA m ethylat ion in the visceral adipose t issue of 
m ales ( M)  and fem ales ( F) .   The percentage DNA m ethylat ion determ ined by 
pyrosequencing at  nine CpGs of the core lept in promoter were plot ted as Log10 values 
( left  axis) and geom etric m eans ( r ight  axis) .  a)  The regional average DNA 
m ethylat ion level across the nine CpGs. b) DNA methylat ion levels at the nine 
individual CpGs. 
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There was also no significant  difference in lept in m RNA expression levels 
between the sexes (Figure 2.5) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
I n subcutaneous adipose t issue, no significant  difference was also observed 
between m ales and fem ales when analysing both the regional average (Figure 
2.6a)  and CpG specific (Figure 2.6b) DNA m ethylat ion levels.   
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Figure 2 .6  Lept in prom oter  DNA m ethylat ion in subcutaneous adipose t issue 
of m ales and fem ales.   The percentage DNA methylat ion determ ined by 
pyrosequencing at  nine CpGs of the core lept in prom oter were plot ted as Log10 
values ( left  axis)  and geometric means ( r ight  axis) .  a)  The regional average DNA 
m ethylat ion level across the nine CpGs. b)  DNA m ethylat ion levels at  the nine 
individual CpGs. 
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Figure 2 .5 .  Lept in mRNA expression in visceral adipose t issue of m ales ( M)  
and fem ales ( F) .  m RNA expression levels were quant ified by qPCR and norm alised 
DJDLQVWWKUHHKRXVHNHHSLQJJHQHVǃ-act in, RPL27 and AZ1.   
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However, as observed in the visceral depot , differences in DNA methylat ion 
levels between individual CpGs within each group were significant ;  m ale 
(p= 0.005)  fem ale (p= 0.005) .  With the except ion of CpG-5 and CpG-6, all CpGs 
exhibited low levels of DNA m ethylat ion between 0 and 9%  in both sexes.  CpG-
5 was 10%  and 19%  m ore highly m ethylated than the regional average in the 
m ales and fem ales respect ively whilst  CpG-6 was 8%  and 16%  m ore highly 
m ethylated than the regional average in the m ales and fem ales respect ively.   
 
I n the subcutaneous depot  there was also no significant  difference in lept in 
m RNA expression levels between the sexes (Figure 2.7) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 .7 .  Lept in mRNA expression in subcutaneous adipose t issue of m ales 
( M)  and fem ales ( F) .   m RNA expression levels were quant ified by qPCR and norm alised 
DJDLQVWWKUHHKRXVHNHHSLQJJHQHVǃ-act in, RPL27 and AZ1.   
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2 .3 .3  Sm all vs. m edium  bir th w eight  pigs 
I t  has been reported that  the plasm a lept in levels of infants born sm all for 
gestat ional age are lower than that  observed in infants born large for gestat ional 
age (Marchini et  al, 1998) .  Pyrosequencing was used to assess the influence of 
bir th weight  on DNA methylat ion at  the lept in prom oter in adipose t issue (Figure 
2.8) .   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This analysis was perform ed with only visceral adipose t issue as subcutaneous 
t issue from  low birth weight  pigs was not  available.  As described in Sect ion 
2.22, categorisat ion of sm all (n= 5)  and m edium  (n= 8)  birth weight  piglets was 
determ ined at  one week of age.  Piglets were assigned sm all or m edium  
according to their  size where the piglet  with the median bir th weight  in each 
lit t er was selected as the m edium  birth weight  sam ple. 
 
No significant  difference was observed between sm all and m edium  bir th weight  
pigs when analysing both the regional average (Figure 2.8a)  and CpG specific 
DNA m ethylat ion levels (Figure 2.8b) .  However, there was a significant  
difference in DNA m ethylat ion levels between CpGs in the sam e group;  sm all 
(p= 0.003)  m edium  (p= 0.003) .  With the except ion of CpG-5, CpG-6 and CpG-7, 
each CpG site was characterised by low levels of m ethylat ion in both groups.   
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Figure 2 .8  Lept in prom oter  DNA m ethylat ion in visceral adipose t issue of sm all  
( S)  and medium  ( M)  bir th w eight  pigs.   The percentage DNA methylat ion 
determ ined by pyrosequencing at  nine CpGs of the core lept in promoter were plot ted as 
Log10 values ( left  axis)  and ant i- logged values ( r ight  axis) .  a)  The regional average 
DNA m ethylat ion level across the nine CpGs. b)  DNA m ethylat ion levels at  the nine 
individual CpGs. 
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CpG-5, CpG-6 and CpG-7 exhibited higher levels of DNA m ethylat ion relat ive to 
the regional average in both groups.   CpG-5 was 21%  and 4%  m ore highly 
m ethylated than the regional average in the sm all and medium  bir th weight  
t issues respect ively whilst  CpG-6 was 17%  and 10%  m ore highly m ethylated 
than the regional average in the sm all and m edium  bir th weight  t issues 
respect ively.  CpG-7, located six nt  proxim al to a TATA box elem ent , was also 
m ore highly m ethylated than the regional average being 3%  m ore highly 
m ethylated in the sm all bir th weight  t issues and 10%  m ore highly m ethylated in 
the m edium birth weight  t issues.   
 
Lept in mRNA expression was significant ly higher in sm all bir th weight  pigs 
(p= 0.003)  (Figure 2.9) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 .3 .4  Control vs. high- fat  diet 
To assess the effect  of a high fat  prenatal diet  on lept in prom oter DNA 
m ethylat ion, pyrosequencing was used to determ ine DNA m ethylat ion levels at  
the lept in prom oter in the visceral and subcutaneous adipose t issue depots of 
pigs which experienced a high fat  prenatal diet  from  concept ion to bir th (Figure 
2.6) .  For visceral t issues n= 13 for both cont rol and high fat  t issues and for the 
subcutaneous depot  for the cont rol t issues n= 7 and for high fat  t issues n= 8 
where the experim ental unit  is the sow.  For the visceral depot , t issue from  13 
cont rol piglets and 15 high fat  piglets was tested and for the subcutaneous depot  
t issue from  7 cont rol piglets and 11 high fat  piglets were tested.  
 
 
Figure 2 .9 .  Lept in m RNA expression in visceral adipose t issue of sm all ( S)  and 
m edium  ( M)  bir th w eight pigs.   m RNA expression levels were quant ified by qPCR and 
QRUPDOLVHGDJDLQVWWKUHHKRXVHNHHSLQJJHQHVǃ-act in, RPL27 and AZ1.   
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I n the visceral adipose t issue, the lept in prom oter was characterised by low 
levels of DNA m ethylat ion which were com parable between the cont rol and high 
fat  diet  groups (Figure 2.10) .  No interact ion between DNA m ethylat ion levels 
and prenatal diet  was observed.  
 
There was also no significant  difference in lept in m RNA expression between 
visceral t issues from  control and high-fat  diet  t reatm ents (Figure 2.11) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 .10  Lept in prom oter  DNA m ethylat ion in visceral adipose t issue of 
pigs subjected to a high fat  prenatal diet.  The percentage DNA methylat ion 
determ ined by pyrosequencing at  nine CpGs of the core lept in prom oter was plot ted 
as Log10 values ( left  axis)  and geom etric m eans ( r ight  axis) .  a)  The regional average 
DNA methylat ion level across the nine CpGs. b)  DNA methylat ion levels at  the nine 
individual CpGs.  Cont rol= Con, High fat=  Fat 
a)  b)  
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Figure 2 .1 1 .  Lept in mRNA expression levels in visceral adipose t issue of pigs 
subjected to a high- fat  prenatal diet .  m RNA expression levels were quant ified by 
T3&5 DQG QRUPDOLVHG DJDLQVW WKUHH KRXVHNHHSLQJ JHQHV ǃ-act in, RPL27 and AZ1.  
Cont rol= Con, High fat=  Fat    
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I n the subcutaneous adipose t issue, the lept in prom oter was also character ised 
by low levels of DNA m ethylat ion which were com parable between the cont rol 
and high fat  diet  groups (Figure 2.12) .  Again, no interact ion between DNA 
m ethylat ion levels and prenatal diet  was observed. 
 
 
 
 
 
 
 
 
 
 
 
As with the visceral t issue, there was also no significant  difference in lept in 
m RNA expression levels between the subcutaneous cont rol and high-fat  diet  
t issues (Figure 2.13) . 
 
 
 
 
 
 
 
Figure 2 .1 2  Lept in promoter  DNA m ethylat ion in subcutaneous adipose t issue 
of pigs subjected to a high fat  prenatal diet .  The percentage DNA methylat ion 
determ ined by pyrosequencing at nine CpGs of the core lept in prom oter was plot ted as 
Log10 values ( left  axis)  and geometric m eans ( r ight  axis) .  a)  The regional average DNA 
m ethylat ion level across the nine CpGs. b)  DNA m ethylat ion levels at  the nine 
individual CpGs.  Cont rol= Con, High fat=  Fat    
a)  b)  
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Figure 2 .1 3 .  Lept in mRNA expression levels in the subcutaneous adipose 
t issue of pigs subjected to a high- fat  prenatal diet .  m RNA expression levels were 
quant ified by qPCR and norm alised against  three housekeeping gHQHVǃ-act in, RPL27 
and AZ1.  Cont rol= Con, High fat=  Fat    
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2 .4  Discussion 
2 .4 .1  DNA m ethylat ion and lept in expression at  the lept in prom oter  in 
porcine adipose t issue depots 
2 .4 .1 .1  Visceral vs. subcutaneous 
Adipose t issue is a heterogeneous t issue consist ing of several cell t ypes including 
adipocytes and non- fat  cells such as inflam m atory cells, im mune cells, 
preadipocytes and fibroblasts, connect ive t issues, vascular and neural t issues 
( I brahim , 2010) .  VAT and SAT show st ructural, funct ional and anatomic 
differences.   I n com parison to SAT, VAT is described as being m ore cellular, 
vascular and innervated and containing a larger num ber of inflam m atory and 
imm une cells.  The two depots also have different  genet ic different iat ion 
program s of adipocyte precursors, a different  rat io of preadipocytes to 
adipocytes and differ in adipocyte m orphology.  VAT contains a higher proport ion 
of large adipocytes whilst  SAT is prim arily com posed of sm all adipocytes 
( I brahim , 2010;  Wronska & Kmiec, 2012) .   
There is also evidence to suggest  a depot  specific variat ion in lept in expression 
levels.  I n a study by Van Harm elen et  al, lept in m RNA levels and lept in secret ion 
rates were higher in the subcutaneous depot  of both non-obese and obese 
wom en (Van Harm elen et  al, 1998) .  This finding was confirmed by Zha et  al 
who found that  lept in m RNA levels were higher in the subcutaneous depot  of 
non-obese and obese m ales and fem ales (Zha et  al, 2009)  but  a sm all study in 
four obese hum ans using in situ hybridisat ion found no difference in lept in 
expression between the two depots (Lönnqvist  et al, 1995) .  I n rodents, site 
specific lept in expression appears to be dependent on age.  At  1-2 weeks of age 
subcutaneous fat  is the m ain site of lept in expression (Rayner et  al, 1997)  whilst  
in m ature rats lept in expression m ay be lower in subcutaneous fat  that  in 
visceral fat  (Maffei et  al, 1995) .  Here, it  was found that  porcine VAT expressed 
lept in m ore highly that  SAT (Figure 2.3) .  Expression of the lept in gene m ay be 
regulated epigenet ically through DNA m ethylat ion, however, this did not  
correlate with differences in DNA m ethylat ion between depots (Figure 2.2) . 
 
2 .4 .1 .2  Male vs. fem ale 
I n hum ans VAT accounts for m ore of the m ale total body fat  than in fem ales 
whilst  wom en have m ore SAT than m ales.  Fem ales are known to have higher 
lept in levels than m ales, an observat ion which has been proposed to be 
at t ributed to the st imulat ing effect  of est rogens and the repressing effect  of 
testosterone (Kennedy et  al, 1997)  whilst  others have been unable to find a 
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correlat ion between sexual dim orphism  and sex horm ones (Marget ic et  al, 
2002) .  Here, no stat ist ically significant  difference in lept in m RNA expression 
levels was found between m ales and fem ales in VAT (Figure 2.5)  or SAT (Figure 
2.7) .  DNA m ethylat ion levels at  the lept in prom oter were com pared between 
m ale and fem ale pigs in both adipose t issues types to determ ine if there was a 
gender specific difference (Figure 2.4 and Figure 2.6) .  No significant  differences 
were observed.     
 
2 .4 .1 .3  Sm all vs. m edium  bir th w eight  
Differences in plasm a lept in levels between large for gestat ional age (LGA)  and 
sm all for gestat ional age (SGA)  infants have been noted where plasm a lept in 
levels were lower in SGA infants than in LGA infants (Marchini et  al, 1998) .  The 
VAT of pigs assigned sm all and m edium  in size at  birth was analysed to 
determ ine if size had an effect  on DNA m ethylat ion at  the lept in prom oter or 
expression levels of the lept in gene.  There was no stat ist ically significant  
difference in DNA m ethylat ion levels at  the lept in prom oter (Figure 2.8) .  
However, sm all birth weight  pigs had higher lept in m RNA expression (p= 0.003) 
(Figure 2.9) .  
This analysis could not  be performed on SAT due to a lack of sm all cont rol pigs.  
I t  has been suggested that  SAT is the m ajor source of lept in (Wajchenberg, 
2000)  and funct ions exclusively in lept in secret ion as it  correlates with plasm a 
lept in levels ( I brahim , 2010) .  I n the pig it  appears that  the VAT has higher 
lept in expression levels (Sect ion 2.4.1.1)  and therefore this m ay not  apply to 
pigs.  However, as ment ioned previously, LGA infants have higher plasm a lept in 
levels than SGA infants and SAT lept in expression m ay correlate with plasm a 
lept in levels (unfortunately plasm a from  these pigs was unavailable for analysis) .  
This m ay be character ised by different  DNA m ethylat ion levels between SAT and 
other depots.  I t  would be interest ing to repeat  this analysis in SAT to confirm 
this. 
 
2 .4 .1 .4  Control vs. high- fat  diet  
There is accum ulat ing evidence to suggest  that  environm ental factors such as 
nut rit ion influence epigenet ic m echanism s (Mazzio & Solim an, 2012;  Milagro et  
al, 2009;  Tobi et  al, 2009) .  Lept in has been ident ified as a gene which m ay be 
suscept ible to epigenet ic variat ion influenced by early life nut rit ion (Jousse et  al, 
2011;  Tobi et  al, 2009) .  A study by Tobi et  al revealed that  offspr ing conceived 
at  a t im e of fam ine during the Dutch hunger winter had higher DNA m ethylat ion 
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levels at  the lept in prom oter than their  unaffected, sam e sex siblings (Tobi et  al, 
2009) .  A low protein prenatal diet  in m ouse appears to result  in decreased 
lept in prom oter m ethylat ion in white adipose t issue which correlates with lower 
plasm a lept in levels (Jousse et  al, 2011) .   
Here, both the VAT and SAT of piglets which experienced a high fat  prenatal diet  
from  concept ion to birth were tested for lept in prom oter DNA m ethylat ion and 
lept in expression levels, however, no significant  differences in either factors were 
observed.   
There are several reasons why Tobi et  al m ay have seen an effect  of diet  whilst  
here, no diet  effect  was observed.  The focus of the Dutch hunger winter study 
was hum ans whereas here pigs were used as a m odel.  Pigs m ay not  exhibit  the 
sam e effects seen in hum ans although as lept in is a highly conserved protein 
between the species this is unlikely.   
Here, adipose t issue was sam pled whereas Tobi et  al exam ined DNA m ethylat ion 
levels in whole blood of individuals.  I t  m ay be com m on pract ice to use the 
whole blood of pat ients in clinical studies as they are easily accessible but  as 
lept in has been described as a T-DMR, the t issue type examined m ay be 
im portant  when invest igated DNA m ethylat ion.  Lept in's prim ary site of 
expression is the adipose t issue which is why analysis of DNA m ethylat ion in this 
t issue was chosen for this study.  I t  m ay be that  the diet  did not  have an effect  
on DNA m ethylat ion on the adipose t issue but did in the whole blood of pigs.  
However, Jousse et  al sam pled adipose t issue and did observe a difference in 
lept in prom oter m ethylat ion between mice subjected to a low protein prenatal 
diet  and cont rol m ice.  In this case it  m ay be that  whilst  a low protein perinatal 
diet  influences lept in prom oter DNA methylat ion, a high fat  perinatal diet  does 
not .   
The study by Tobi et  al was published before the recent  re-discovery of cytosine 
hydroxym ethylat ion (5-hm C)  in m amm alian DNA.  Mass spect rom et ry was used 
to invest igate DNA m ethylat ion levels, which would have focused solely on 
cytosine methylat ion (5-m C) .  In this study pyrosequencing was used to 
invest igate DNA m ethylat ion levels which accounts for total DNA m ethylat ion (5-
m C and 5-hm C) .  Although no significant  change in total DNA m ethylat ion was 
observed in this study it  m ay be that  the rat ios of 5-m C to 5-hm C within the 
total m ethylat ion observed did change.  These changes would not  be observed 
using pyrosequencing.  However, Jousse et  al., who did see an effect  of diet , also 
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used pyrosequencing although again this m ay be a consequence of the different  
prenatal diets. 
Another factor for considerat ion is the CpGs which were interrogated.  Evidence 
shows that  the locat ion of the CpGs within a gene and the specific base 
m odificat ion of the CpG (5-m C or 5-hm C)  are im portant  in determ ining the 
funct ion of the cytosine m odificat ion (Sect ion 1.2.5) .  I t  is therefore im portant  to 
determ ine that  the sam e CpGs were interrogated in this study and by Tobi et  al 
and Jousse et  al for a com parison of the two studies to be valid.  Alignm ent  of 
the hum an, m ouse and porcine lept in prom oters shows that  several conserved 
CpGs were invest igated by both studies and this includes the C/ EBPĮ 
t ranscript ion factor binding site. 
 
The source of the dietary fat  m ay also be a factor for considerat ion as the 
specific t ype of fat  an individual is exposed to can also m odulate adipocyte gene 
expression.  I yer et  al found that  diets supplemented by coconut  oil or sunflower 
oil led to a gene specific t ranscript  expression decrease in some genes with the 
pigs exposed to sunflower oil but  not  in the pigs exposed to coconut  oil ( I yer et  
al, 2012) .  Here, palm  oil was used to increase fat  content  of diets.  I t  m ay be 
interest ing to repeat  this study with other sources of fat  as a dietary supplement  
to determine whether the fat  source is influent ial. 
 
2 .4 .2  CpG- 5  and CpG- 6  are more highly m ethylated than other CpGs in 
the region 
Although significant  differences in DNA m ethylat ion between the groups tested 
were not  observed, there was a significant  difference in DNA m ethylat ion 
between individual CpGs in each sam ple.  Whilst  m ost  CpGs exhibited low levels 
of DNA m ethylat ion, CpG-5 and CpG-6 were consistent ly m ore highly m ethylated 
than other CpGs in the region.  In the VAT, CpG-5 was 1.6 fold m ore highly 
m ethylated than the regional average whilst  in the SAT, this site was 3.5 fold 
m ore highly m ethylated than the regional average.  CpG-6 was also m ore highly 
m ethylated in both depots although the fold increases were m ore similar at  3.0 
fold in the VAT and 3.2 fold in the SAT.  A similar observat ion has been m ade in 
hum an adipose t issue where the CpG located within the C/ EBPĮ t ranscript ion 
factor binding site was 1.5 fold m ore highly methylated than other CpGs in the 
region (Stöger, 2006) .  
CpG-5 is located within a C/ EBPĮ t ranscript ion factor binding site which is a 
highly conserved sequence of the lept in prom oter in m any species (Figure 1.1) .  
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The m ethylat ion status of this specific CpG has proven to be im portant  for lept in 
prom oter act iv it y.  As discussed previously, a study by Melzner et  al found that  
cytosine m ethylat ion (5-m C)  of this CpG down-regulates hum an lept in prom oter 
act iv it y when dr iv ing the expression of a luciferase reporter gene.  Cytosine 
m ethylat ion (5-m C)  of two further CpGs proxim al to a TATA box elem ent  
abrogated lept in prom oter act ivit y com pletely (Melzner et  al, 2002) .   
This inform at ion suggests that  the DNA methylat ion observed at  CpG-5, located 
within the C/ EBPĮ t ranscript ion factor binding site and CpG-6, located six nt  
proxim al to the TATA box elem ent  are involved in regulat ing lept in gene 
expression in the VAT and SAT.  However, when analysis of lept in m RNA 
expression and DNA m ethylat ion was restr icted to CpG-5 and/ or CpG-6 (data not  
shown) , no correlat ion was observed. 
The technique used to assess DNA m ethylat ion levels in this study, 
pyrosequencing, does not  different iate between 5-m C and 5-hm C and therefore 
the specific cont r ibut ion of each cytosine m odificat ion to the observed DNA 
m ethylat ion pat tern at  the lept in prom oter is unknown.  Although there were no 
significant  differences in total DNA m ethylat ion, there m ay have been a 
difference in the rat io of 5-m C to 5-hm C within this DNA m ethylat ion pat tern.  
This could also explain significant  differences in m RNA expression which do not  
correlate with stat ist ically significant  differences in DNA m ethylayion.   
I t  has been suggested that  the binding of MeCP2 to a m ethylated lept in 
prom oter cont ributes to silencing of the lept in gene (Melzner et  al, 2002) and 
studies have shown that  the presence of just  one 5-hm C base in a st retch of 
DNA can significant ly inhibit  the binding of MeCP2 (Valinluck et al, 2004) , 
possibly leading to act ivat ion of the lept in prom oter and t ranscript ion of the 
lept in gene.  With this possibilit y and the finding of Melzner et  al that  5-m C at  
specific sites of the lept in prom oter cont ributes to down- regulat ion of the lept in 
prom oter it  seems m ore likely that  the observed DNA m ethylat ion at  CpG-5 and 
CpG-6 could be at t ributed to 5-hm C.  Several studies have shown that  
dem ethylat ion of the lept in prom oter m odulates lept in expression during 
adipogenesis  (Melzner et  al, 2002;  Yokom ori et al, 2002)  and one potent ial role 
for 5-hm C is the suggest ion that  it  is an interm ediate in a dem ethylat ion 
pathway.  5-hm C m ay then be converted to 5- fC and 5-caC and eventually to 
cytosine which m ay facilit ate the expression of lept in.  Although 5-m C is usually 
associated with gene silencing, Jousse et  al found that  decreases in lept in 
expression correlated with decreases in lept in prom oter DNA m ethylat ion (Jousse 
et  al, 2011) .  This further suggests the possibilit y that  either 5-m C or 5-hm C is 
associated with lept in expression rather than lept in silencing.    
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Also im portant  to consider is the heterogeneit y of adipose t issue.  Although 
adipose t issue consists prim arily of the lept in expressing adipocytes it  also 
contains other cell t ypes which are considered not  to express lept in (Wang et  al, 
2008) .  The DNA m ethylat ion observed at  CpG-5 and CpG-6 m ay therefore 
correspond to the non- lept in expressing port ion of cells and m ay be at t r ibuted to 
5-m C.  VAT and SAT are described to have different  cellular com posit ions with 
VAT being m ore cellular, vascular and innervated and containing a larger num ber 
of inflamm atory and im mune cells (Wronska & Km iec, 2012)  and the differences 
in DNA methylat ion at  CpG-5 m ay reflect  this and the lept in expression levels of 
those cells.  Equally possible, is that  the observed DNA m ethylat ion is a mixture 
of 5-m C and 5-hm C relat ing to different  cell t ypes.   
 
2 .4 .3  DNA m ethylat ion m ay not  regulate gene expression at  the porcine 
lept in prom oter 
Although higher levels of DNA m ethylat ion were observed at  CpG-5 and CpG-6 in 
com parison to other CpGs, overall, the porcine lept in prom oter exhibited low to 
interm ediate levels of m ethylat ion in both adipose t issue depots analysed.  This 
is sim ilar to m odificat ion levels detected in the hum an lept in prom oter, whilst  the 
orthologous m ouse region is character ised by overall higher levels of m ethylat ion 
(Stöger, 2006) .     
 
 
 
 
 
 
 
 
 
 
 
1  2  3  
4  5  6  7   8   9  
Figure 2 .14 .  The pig, hum an and m ouse core lept in prom oters.  Alignm ent  of 
the core lept in prom oter sequences from  pig hum an and m ouse.  CpGs are highlighted 
in grey, TG and CA nucleot ide subst itut ions are indicated (blue boxes) .  CpGs 1-9 
analysed by pyrosequencing are indicated.  The conserved C/ EBP-Į TF binding site is 
highlighted in green. 
C/ EBPĮ 
Sp1  LP1  
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The m ouse prom oter appears to have becom e CpG depleted relat ive to the pig 
and hum an prom oters (Figure 2.14) .  This m ay lead to a higher level of DNA 
m ethylat ion at  the m ouse lept in prom oter because there are fewer CpGs to 
m ethylate than in hum an and pig which m ay play a role in the regulat ion of 
lept in gene expression in this species.  I n pig and hum an other epigenet ic 
m odificat ions m ay be responsible for the regulat ion of gene expression.  Whilst  
histone m odificat ions and DNA m ethylat ion are known to work in concert  to 
regulate gene expression, there is also evidence suggest ing histone 
m odificat ions can work independent ly of DNA methylat ion to silence or act ivate a 
gene.  I t  has also been suggested that  DNA m ethylat ion is a secondary event  
which occurs only once a gene has been silenced by other m echanisms 
(Reviewed by Fuks, 2005) . 
I n addit ion, polycom b group (PcG)  proteins play a m ajor role in the regulat ion of 
gene expression.  PcG proteins work in com plexes to repress genes and in som e 
cases, such as PRC2, their occupancy is associated with unm ethylated CpG-rich 
regions (Reviewed by  Aloia et  al, 2013) .  I t  is very unlikely that  the low levels of 
DNA m ethylat ion observed are responsible for the regulat ion of lept in gene 
expression in this species and other epigenet ic m odificat ions, such as histone 
m odificat ions and PcG protein com plexes, are more likely to have an influence.     
 
2 .5  Conclusion 
The aim  of the work presented in this chapter was to invest igate DNA 
m ethylat ion levels at  the lept in prom oter between the visceral and subcutaneous 
adipose t issues of pigs whilst  account ing for gender, size at  birth and prenatal 
diet  and also to correlate this data with lept in expression levels.  I t  was found 
that  lept in expression in VAT was higher than in SAT and also that  VAT from 
sm all birth weight  piglets expressed lept in mRNA m ore highly that  that  from  
m edium bir th weight  pigs.  However, this did not  correlate with differences in 
DNA m ethylat ion.  No significant  differences in DNA m ethylat ion were observed 
between any groups.  Similar ly to hum an, the pig lept in prom oter exhibit s low to 
interm ediate levels of DNA m ethylat ion in adipose t issue and it  is m ore likely 
that  other epigenet ic m echanism s such has histone m odificat ions and PcG 
proteins which can target  unmethylated CpG-rich regions regulate gene 
expression at  the hum an and pig lept in prom oter. 
Despite this, CpG-5 ( located within a C/ EBPĮ t ranscript ion factor binding site)  
and CpG-6 exhibited significant ly higher levels of DNA m ethylat ion than other 
CpGs in the region.  The act ion of the DNMTs is generally perceived to be 
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processive.  That  is, they would either m ethylate or not  m ethylate m ost  CpG 
dinucleot ides in a given st retch of DNA.  This leads to the expectat ion that  CpG 
dinucleot ides in the sam e st retch of DNA would have the sam e m ethylat ion 
status (Sect ion 1.2.3.1) .  Addit ionally, DNA m ethylat ion is usually associated 
with gene silencing.  Therefore it  is interest ing that  higher levels of DNA 
m ethylat ion were observed in the current  study, especially at  a t ranscript ion 
factor binding site, in the pr im ary t issue of lept in expression.  With this in mind it  
is of interest  to determine the enzym at ic mechanism s by which the lept in 
prom oter becom es m ethylated and the role of individual cytosine m odificat ions 
at  the lept in prom oter. 
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Chapter  3 . The influence of the DNA m ethylt ransferases 
enzym es ( DNMTs)  on lept in prom oter  m ethylat ion in m ouse 
em bryonic stem  cells ( m ESCs)   
3 .1  I nt roduct ion 
Cytosines that  are adjacent  to guanines on a DNA st rand (CpGs)  are 
palindromic, producing sym met rical CpG dyads on the opposing st rands of a DNA 
m olecule.  These cytosines can be m odified at  the C-5 posit ion to produce 5-
m ethylcytosine (5-m C) , a key epigenet ic m odificat ion in m am m als which is 
essent ial for norm al developm ent  (Li et  al, 1992;  Okano et  al, 1999) .  I t  is 
assum ed by m any that  the sym m et rical cytosines of CpG dyads exhibit  the sam e 
m ethylat ion status e.g. they are either both m ethylated or both unm ethylated. 
The cytosine m ethylat ion (5-m C)  pat tern of CpG dyads is established and 
m aintained by three catalyt ically act ive mem bers of the DNA m ethylt ransferases 
fam ily (DNMTs) .  I n vit ro experim ents have led to the general agreem ent that  
DNMT3a and DNMT3b are responsible for the de novo cytosine m ethylat ion (5-
m C)  of unm ethylated DNA, whilst  DNMT1 m aintains symm et r ical cytosine 
m ethylat ion (5-m C)  pat terns by replicat ing the cytosine methylat ion (5-m C)  
pat tern of the parent  st rand to the newly synthesised daughter st rand during 
DNA replicat ion (Gowher & Jelt sch, 2001;  Okano et  al, 1998) (Sect ion 1.2.3) .  
I n sect ion 1.2.3.1, the accum ulat ion of data that  quest ions this theory was 
considered.  I n vit ro, DNMT1 exhibit s low act ivit y on unm ethylated DNA with it s 
preferred subst rate being hemi-methylated DNA (where, within a CpG dyad, one 
CpG is m ethylated and one is unm ethylated)  (Bestor & I ngram , 1983)  whereas 
DNMT3a and DNMT3b perform  de novo m ethylat ion which is independent  of the 
m ethylat ion status of the com plem entary CpG within a CpG dyad (Gowher & 
Jeltsch, 2001;  Okano et al, 1998) .   
I n vit ro, cytosine m ethylat ion (5-m C) by the m aintenance funct ion of DNMT1 
and by DNMT3b appear to occur in a processive m anner, whereas the de novo 
funct ion of DNMT1 and of DNMT3a are dist ribut ive (Gowher & Jelt sch, 2001;  
Gowher & Jeltsch, 2002;  Herm ann et  al, 2004;  Vilkait is et  al, 2005)  whilst  others 
have observed a processive m ethylat ion act ivit y for DNMT3a (Holz-Schiet inger & 
Reich, 2010) . 
There are discrepancies in the processivit y of the DNMT enzym es between in 
vit ro and in vivo data.  I t  is assum ed that  the m aintenance funct ion of DNMT1 
occurs during DNA replicat ion but , in vivo, DNA replicat ion has a high 
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processivit y (0.035sec/ nucleot ides)  (Jackson & Pom bo, 1998)  whilst , in vit ro, 
DNMT1 has a low turnover rate (70-450 sec/ m ethyl group)  (Pradhan et  al, 
1999) .  This coincides with evidence that  in vivo, DNMT act iv it y is enhanced by 
other factors such as UHRF1 and DNMT3L which, although unable to direct ly 
m ethylate DNA, work in concert  with the DNMTs to establish and m aintain 
cytosine methylat ion (5-m C)  (Bost ick et  al, 2007;  Bourc'his et  al, 2001;  Gowher 
et  al, 2005;  Holz-Schiet inger & Reich, 2010;  Sharif et al, 2007) .           
The specificit y and processivity of the DNMT enzym es appears to be m ore 
com plicated than is assum ed by the scient if ic com m unity and the discrepancies 
described between in vit ro and in vivo system s have m ade it  difficult  to apply in 
vit ro data interpretat ion in context  of data derived from  a living cell.  To address 
this issue, several studies have used DNMT mutant  m ouse em bryonic stem  cells 
(m ESCs)  to invest igate the cont r ibut ion of the individual DNMT enzym es to 
genom e wide and gene specific DNA m ethylat ion pat terns (Arand et  al, 2012;  
Athanasiadou et  al, 2010;  Chen et  al, 2003;  Hu et  al, 2008;  Jackson et  al, 2004;  
Li et  al, 1992;  Liang et  al, 2002;  Okano et  al, 1999;  Sharif et  al, 2007;  Tsum ura 
et  al, 2006) .   
3 .1 .1  Aim s and Object ives 
The prim ary aim  of the work presented in this chapter was to invest igate the 
cont ribut ions of DNMT1, DNMT3a and DNMT3b to the DNA m ethylat ion pat tern 
at  the lept in prom oter.  DNMT1s, DNMT3a( - / - ), DNMT3b( - / - ) and DNMT3a( - / - )3b( - / - )  
double knockout  (DKO)  m ESCs, which have been used to invest igate the 
cont ribut ion of the DNMT enzym es to genom e wide and gene specific DNA 
m ethylat ion, were used as a m odel in vivo system  (Li et  al, 1992;  Okano et  al, 
1999) .  I t  is generally assum ed that  CpG dyads have a com plem entary 
m ethylat ion status e.g. both CpGs which com prise a CpG dyad would either both 
be m ethylated or unmethylated (Sect ion 1.2.3) .  Most  techniques used to 
invest igate DNA methylat ion pat terns, such as convent ional bisulfit e sequencing 
are lim ited in that  they can only determ ine the m ethylat ion pat tern on either the 
sense st rand or ant isense st rand of an individual DNA m olecule, m eaning that  
the methylat ion status of CpG dyads cannot  be determ ined.  Here, hairpin linker 
technology is used, which perm its to m onitor the methylat ion status of 
com plem entary CpGs on both st rands of an individual DNA m olecule (Laird et  al, 
2004) .   
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3 .2  Mater ia ls and Method 
Unless stated otherwise, all m ater ials were sourced from  Sigm a-Aldrich (Poole, 
Dorset , UK) . 
3 .2 .1  Cell culture 
The DNMT3a( - / - ), DNMT3b( - / - ) and DNMT3a( - / - )3b ( - / - )  (DKO)  m ESCs (Okano et  al, 
1999)  and the DNMT1s  knockout  mESCs (Li et al, 1992)  analysed in this study 
were gift s from Professor Adrian Bird, University of Edinburgh.  Gene target ing 
was used to mutate the DNMT genes in J1 mESCs derived from  a m ale st rain 
129 em bryo.  Southern blot t ing, im munoblot t ing and enzyme act iv it y assays 
were performed by the producers of these cell lines to confirm  null m utat ions in 
the DNMT3a( - / - ), DNMT3b( - / - ) and DKO cell lines (Okano et  al, 1999) .  Targeted 
m utat ion of the DNMT1 gene resulted in a hypom orphic m utat ion, DNMT1s and 
although a null m utat ion could not  be assured, DNMT1 was nearly undetectable 
in im munoblot  analysis (Li et  al, 1992) .    
The J1 wild t ype cell line could not  be sourced.  As isogenic cell lines are 
considered to be genet ically sim ilar the CGR8 m ouse em bryonic stem  cell line 
(WT) , which was also derived from  a m ale st rain 129 em bryo, was obtained from  
the European Collect ion of Cell Cultures for use as a cont rol.  
All culture reagents were obtained from  I nvit rogen Ltd. (Paisley, UK)  unless 
otherwise stated.  mESCs were m aintained in gelat inised flasks at  37°C in the 
presence of 5%  CO2 in growth m edia consist ing of Glasgow Minim al Essent ial 
m edia (GMEM) supplem ented with 10%  foetal calf serum (FBS)  (Biosera, East  
Sussex, UK) , 1m M sodium  pyruvate, 1m M non-essent ial am ino acids, 0.2m M 2-
m ercaptoethanol, 1%  penicillin/ st reptom ycin and 1000 unit s/ m l ESGRO LI F 
(Merck Millipore, Wat ford, UK)  as described in Athanasiadou et  al., 2010.  Tissue 
culture flasks were obtained from  Nunc (Nalge Nunc Internat ional, New York, 
USA)  and were coated with 0.1%  gelat in (Merck Millipore, Watford, UK)  prior to 
use.   
3 .2 .2  Alkaline Phosphatase staining to confirm  plur ipotency 
The plur ipotent  state of embryonic stem  cells is characterised by a high level of 
alkaline phosphatase (AP)  expression (Pease et al, 1990) ;  AP staining was used 
to confirm  that  mESCs were in an undifferent iated state.   Cells were seeded at  
low confluency and m aintained for five days before fix ing with 4%  
paraform aldehyde in PBS for one minute and staining for AP according to the 
Millipore AP staining kit  protocol (Merck Millipore, Wat ford, UK) .  Staining was 
com pared to that  in cells grown without  LI F, which is required to m aintain the 
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pluripotent  state, and colonies were counted to determine that  m ore than 90%  
rem ained undifferent iated before downst ream  applicat ions were perform ed.  
3 .2 .3  Nucleic acid extract ion 
Prior to nucleic acid ext ract ion, cells were harvested from  flasks by t rypsinisat ion 
with 0.05%  t rypsin 0.02%  EDTA in Hank’s balanced salt  solut ion and washed in 
PBS to rem ove any residual growth media.  
Genom ic DNA (gDNA) and total RNA were ext racted from mESCs sim ultaneously 
using the Allprep DNA/ RNA m ini kit  (Qiagen Ltd., West  Sussex, UK) .  I n brief, 
FHOOVZHUHGLVUXSWHGZLWK57/O\VLVEXIIHUFRQWDLQLQJǃ-mercaptoethanol and 
hom ogenised by passing the lysate through a Qiashredder spin column (Qiagen 
Ltd., West  Sussex, UK) .   
The hom ogenised lysate was first  passed through a DNeasy spin column to allow 
gDNA to bind the column m atr ix.  An equal volume of 70%  ethanol was then 
added to the eluent  before passing the solut ion through an RNeasy spin colum n 
to allow total RNA to bind the column m at rix.  The DNeasy and RNeasy colum ns 
were then washed using buffers supplied with the kit  to rem ove residual 
m aterial.  DNA was eluted in EB buffer and RNA was eluted in RNase- free water 
(both supplied with the kit ) . 
gDNA and RNA were tested for qualit y and concentrat ion using the Nanodrop 
ND1000 UV-Vis spect rophotom eter (Nanodrop, Wilm ington, USA)  and by 
elect rophoresing 2µg nucleic acid on an agarose gel (Sect ion 2.2.3.3.3) .  RNA 
integrity was further verif ied using the Agilent  2100 Bioanalyser (Agilent  
Technologies UK Ltd., Cheshire, UK) .  gDNA was stored at  -20°C, RNA was 
stored at  -80°C. 
3 .2 .4  Nuclear  protein extract ion 
Prior to nuclear protein ext ract ion, cells were harvested from  flasks by 
t rypsinisat ion with 0.05%  Trypsin 0.02%  EDTA in Hank’s balanced salt  solut ion 
and washed in ice-cold PBS to rem ove any residual growth media.  
Nuclear protein was extracted from  cells using a m ini-ext ract  protocol (Schreiber 
et  al, 1989) .  Reagents and sam ples were kept  at  4°C at  all t im es.  Cells were 
suspended in 400µl buffer A (10m M Hepes pH 7.4, 10m M KCL, 0.1m M EDTA, 
0.1m M EGTA, 1m M DTT and 0.5m M PMSF) , allowed to swell over 15 minutes.  
25µl 10%  Nonidet  NP-40 was added and cells were vortexed vigorously briefly to 
disrupt  the cell m em brane.  Sam ples were centr ifuged at  3000 rpm for 30 
seconds and the nuclear pellet  was resuspended in 50µl buffer C (20m M Hepes 
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pH7.4, 0.4M NaCl, 1m M EDTA, 1m M EGTA, 1m M DTT and 1m M PMSF)  by 
vigorous pipet t ing.  Sam ples were shaken at  1400 rpm  for 15 minutes on the 
Therm omixer Com fort  (Eppendorf, Stevenage, UK)  and then cent rifuged for 10 
m inutes at  full speed to collect  cell debris.  Nuclear protein containing 
supernatant  was collected and stored in single use aliquots at  -80°C. 
Protein concent rat ion was determined using the DC Protein Assay (Biorad, 
Hert fordshire, UK) .  5µl volum es of BSA standards or sam ples were added to a 
96 well plate and 25µl reagent  A’ followed by 200µl reagent  B was added.  
Colour react ions were allowed to develop for 15 minutes and absorbance was 
read at  655nm  on the Benchm ark microplate reader (Biorad, Hert fordshire, UK) 
at  655nm .   
3 .2 .5  W estern Blot t ing 
Although the mutant  cells were originally tested for DNMT knockout , western 
blots were performed to further verify protein inact ivat ion.  20-30µg nuclear 
protein was m ixed with 4x Laemli buffer (Biorad, Hert fordshire, UK)  
supplem ented with 10%  ß-mercaptoethanol.  After boiling at  95°C for 5 minutes 
on the PCH-1 dry block heater (Grant  Bio Inst rum ents, New Jersey, USA)  to 
denature proteins, sam ples were loaded onto an 8%  polyacrylam ide gel with a 
protein m arker (Biorad, Hert fordshire, UK)  and elect rophoresed at  100 volt s unt il 
sufficient  separat ion was achieved using the Mini Protein I I  
elect rophoresis/ blot t ing unit  (Biorad Laboratories Ltd., Hert fordshire, UK) .   
The separated proteins were t ransferred to an I mm uno-blot  PVDF m em brane 
(Biorad, Hert fordshire, UK)  using the Mini Protean elect rophoresis/ blot t ing 
apparatus (Biorad, Hert fordshire, UK) at  90 volt s over 1.5 hours.  Success of 
t ransfer was determ ined by staining the gel with coom asie blue dye to detect  
unt ransferred protein and staining the m em brane with Ponceau S red solut ion 
(0.1%  Ponceau, 5%  acet ic acid v/ v) to detect  t ransferred protein. 
Mem branes were blocked in PBS 0.1%  v/ v Tween 20 containing 5%  w/ v Marvel 
skim m ed milk powder (Prem ier Internat ional Foods Spalding, Lincolnshire)  for 1 
hour to prevent  non-specific binding of ant ibodies to the m em brane.  Blocked 
m em branes were then incubated with pr im ary ant ibodies (pAB)  overnight  at  
4°C.   pABs were diluted in blocking solut ion (Tabl e 3.1) . 
Mem branes were also probed for histone H3 to validate protein qualit y.  After 
several washes with PBS 0.1%  v/ v Tween-20 to rem ove residual pr im ary 
ant ibody, m embranes were incubated with secondary ant ibody (sAB)  conjugated 
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to HRP as for 1 hour (Table 3.1) . sAB was also diluted in blocking solut ion.  
Mem branes were washed further to rem ove residual secondary ant ibody and 
Am ersham  ECL plus detect ion reagent  was added to the m em branes (GE 
Healthcare, Buckingham shire, UK) .  Chemiluminescence was detected using the 
Chem Doc-I t  Im ager (UVP, California, USA) . 
 
Table 3 .1  Pr im ary and secondary ant ibodies used in w estern blot  analysis.  
Ant ibodies were sourced from  Abcam , Cam bridge, UK.  
Antibody Catalogue  num ber Species of or igin Dilut ion 
Histone H3  Ab1791 Rabbit  polyclonal 1: 20,000 
C/ EBPĮ Ab40764 Rabbit  m onoclonal 1: 5000 
DNMT1 Ab16632 Rabbit  polyclonal 1: 5000 
DNMT3 a Ab23565 Rabbit  polyclonal 2: 5000 
DNMT3b Ab16049 Rabbit  polyclonal 2: 5000 
Secondary Rabbit 
 I gG HRP Ab16284 Donkey polyclonal 2: 5000 
 
 
3 .2 .6  Hairpin Bisulfite  Sequencing ( Hp- bss)  
A hairpin bisulfit e sequencing approach was used to analyse DNA m ethylat ion 
pat terns at  the lept in prom oter on both the sense and ant isense st rand of 
individual DNA m olecules.  
DNA sequence inform at ion was obtained from  the UCSC Genome Browser 
created by the Genom e bioinform at ics Group of UC Santa Cruz 
(ht tp: / / genom e.ucsc.edu/ cgi-bin/ hgGateway) .  The posit ion of the m ouse lept in 
CpG island is Chrom osom e 6:  29009955-29010170 (annotat ion July 2007 
NCBI 37/ mm 9)  and the hairpin bisulfite sequencing assay was designed to 
interrogate nine CpG dyads of the lept in prom oter from  posit ion 29010127-
29009860.  Alignment  of this region shows a high level of conservat ion between 
species (Figure 1.1)  and includes an Sp1 t ranscript ion factor binding site, a 
C/ EBPĮ t ranscript ion factor binding site and a site designated LP1 by Mason et al, 
m utat ion of which significant ly affects lept in expression (Mason et  al, 1998)  
(Figure 3.1) . 
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I n order to m aintain associat ion of com plem entary DNA strands, individual gDNA 
m olecules were linked together with oligonucleot ide hairpin linkers (Figure 3.2)   
J'1$ ZDV LVRODWHG 6HFWLRQ  DQG ǋJ was restr icted with 16 unit s FokI  
restr ict ion endonuclease (New England Biolabs, Hert fordshire, UK)  in a 70ǋO
react ion volum e at  37°C o/ n on the PCH-1 dry block heater (Grant  Bio 
I nst ruments, New Jersey, USA) .  The FokI  rest rict ion endonuclease cleaved at  a 
recognit ion site 372bp upst ream  of the first  cytosine of interest  on the sense 
st rand and left  an overhang of four nucleot ides on the sense st rand.  After buffer 
change by passing the sam ple through an I llust ra s-200 spin column (27-5120-
01, GE Healthcare, Buckinghamshire, UK) the com plem entary st rands in the 
restr ict ion digest  were then joined with 8µl 50µM hairpin oligonucleot ide linker 
(Table 3.2)  using 8,000 units high concent rat ion T4 DNA ligase (New England 
Biolabs, Hert fordshire, UK)  at  room  tem perature for 3.5 hrs.   
Figure 3 .1  The hum an and m ouse lept in promoters.  a)  Alignment of the core 
lept in prom oter sequence from  hum an and m ouse.  CpGs are highlighted in grey, TA 
and CA nucleot ide subst itut ions are highlighted in brown.  b)  The m ouse lept in 
promoter showing the dist r ibut ion of CpG dinucleot ides.  CpGs are highlighted in grey, 
TA and CA nucleot ide subst itut ions are highlighted in brown and the locat ion of the 
CpGs in relat ion to the t ranscript ion start  site is given.  CpGs are numbered 1-9 and 
relate to the nine CpGs analysed by hp-bss and pyrosequencing. The Sp1, LP1 and 
C/ EBP sites are underlined.  Figure adapted from  Stöger, 2006.      
a)  
b)  
Sp1  LP1  
 
       
      
  
C/ EBP TATA 
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Hairpin linkers were 28 nucleot ides in length and the first  four bases were 
designed to be com plem entary to the overhang on the sense st rand and were 5’ 
phosphorylated to facilit ate ligat ion to the ant isense st rand.  The next  eight  
bases were designed to be complem entary to the last  eight  bases to allow the 
hairpin linker to anneal to itself and included a sequence of bases that  was 
unique for each sam ple (batchstam p) to allow the rem oval of contaminant  
sequences from  analysis.  The eight  bases in between the self-annealing sites 
(barcode)  were random  nucleot ides which allowed the ident if icat ion and rem oval 
of redundant sequences produced in the later PCR am plificat ion from  analysis.  
Hairpin- linked DNA was cleaned with an equal volum e of Microclean (Microzone 
Ltd., Haywards Heath, UK)  and cent rifuged at  13,000 rpm  for 7 m inutes to 
collect  the DNA pellet .  The supernatant  was rem oved and the pellet  was 
resuspended in 18µl water. 
DNA was then converted using a bisulfit e conversion protocol which results in the 
conversion of cytosine, 5-carboxylcytosine and 5- form ylcytosine to uracil but  
leaves 5-m C and 5-hm C unaffected (Genereux et  al, 2008) .  DNA was denatured 
Figure 3 .2  An overview  of Hp- bss.  The sense and bot tom  st rand of individual DNA 
m olecules are linked together via an oligonucleot ide hairpin linker containing a 
batchstam p and barcode which facilitate the removal of contam inant and redundant  
sequences.  DNA then undergoes bisulfite conversion which renders the top and bottom 
st rand non-complementary result ing in denaturat ion.  The top and bot tom  st rand remain 
at tached via the hairpin linker.  Hairpin linked, bisulfite converted DNA is then subject  to 
PCR am plificat ion and sub cloning to determ ine the m ethylat ion status of the individual 
DNA m olecules.   
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by suspension in 20µl 0.3M sodium  hydroxide and incubat ion at  42°C for 2 
m inutes and 99°C for 2 m inutes on a therm al cycler (Eppendorf, Stevenage, 
UK) .  180µl bisulfit e solut ion consist ing of a 45%  am m onium bisulfit e solut ion 
(A1145-51002, Spectrum  Laborator ies, USA)  containing 4M sodium  bisulfit e and 
1M amm onium  sulphite m onohydrate was pre- incubated at  70°C and added to 
the denatured DNA.  DNA was converted by incubat ion at  99°C for 1 m inute and 
40 seconds and 70°C for 10 m inutes over 5 cycles us ing a therm al cycler 
(Eppendorf, Stevenage, UK) .   
 
Table 3 .2  Oligonucleot ide hairpin linkers used in Hp-bss analysis.  PHO represents 
a phosphate group which was at tached to the 5’ end of the hairpin linker to facilitate 
ligat ion. 
Cell line Passage number Hairpin linker  sequence 
W T P6 5’PHO TCTAAGCGATGCDDDDDDDDGCATCGCT 3’ 
DNMT1s P15 5’PHO TCTAAGCGTAGCDDDDDDDDGCTACGCT 3’ 
DNMT3 a ( - / - )  P21 5’PHO TCTAAGGCATGCDDDDDDDDGCATGCCT 3’ 
DNMT3b ( - / - )  P21 5’ PHO TCTAGACGATGCDDDDDDDDGCATCGTC 3’ 
DKO P21 5’ PHO TCTATGGCATGCDDDDDDDDGCATGCCA 3’ 
 
 
The bisulfit e t reated DNA was purified using the Qiaquick PCR purificat ion kit  
(Qiagen Ltd., West  Sussex, UK) .  DNA was m ixed with 1ml DNA binding buffer 
(PB, supplied with kit )  and passed through a PCR purif icat ion spin colum n.  After 
a wash step with buffer PE (supplied with kit )  converted DNA was eluted from  
the column with 45µl elut ion buffer (supplied with kit ) .   
Desulphonat ion was perform ed by addit ion of 5µl 3M sodium  hydroxide and 
incubat ion at  37°C for 20 minutes on the PCH-1 dry block heater (Grant  Bio 
I nst ruments, New Jersey, USA) .  DNA was purif ied by passing sam ples through 
an I llust ra S-200 spin column (27-5120-01, GE Healthcare, Buckinghamshire, 
UK)  and stored at  -20°C. 
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Bisulfit e PCR was perform ed to am plify converted DNA.  The sequence for the 
forward prim er was 5’ CCAAAACCCTCATCAAGACC 3’ and the sequence for the 
reverse prim er was 5’ TCATTGGCTATCTGCAGCAC 3’.  Prim ers were obtained 
high purit y salt  free (HPSF)  purif ied from  Eurofins (Eurofins MGM Operon, 
Ebersberg, Germ any)  and designed to am plify a 427bp fragm ent  containing the 
converted hairpin linked region of interest  (Figure 3.1) .  Am plif icat ions were 
perform ed using the HotStar Taq Masterm ix kit  (Qiagen, Stevenage, UK)  (Table 
3.3) .  PCR react ions were perform ed in a thermal cycler (Eppendorf, Stevenage, 
UK)  using the following program : 1 cycle of 95°C for  15 m inutes, 41 cycles of 
95°C for 30 seconds, 53°C for 30 seconds, 72°C for 1 minute and 1 cycle of 
72°C for 5 m inutes.  PCR products were elect rophore sed through a 1.5%  
agarose gel in TAE buffer containing 1: 10,000 RedGel nucleic acid stain (Biot ium  
I nc., California, USA)  against  a 100bp DNA ladder (Prom ega, Southham pton, 
UK)  and then visualised on the Doc-I t  Im ager (UVP, California, USA)  (Sect ion 
2.2.3.3.3) .  A no- tem plate control was included to ensure am plificat ions were 
contam inat ion free. 
 
Table 3 .3  Hp-bss PCR react ion m ixture 
Reagent Volume per sample 
HotStar Taq Masterm ix 25µl 
Nuclease free w ater 8µl 
Forw ard pr imer ( 5 0m M)  2µl 
Reverse pr im er ( 50 m M)  2µl 
 
Hairpin- linked 
converted DNA 
 
13µl 
 TOTAL  5 0 µl 
 
 
PCR products were rem oved from  the gel using the Qiaex I I  gel ext ract ion kit  
(Qiagen, Stevenage, UK) .  After excising the DNA band with a scalpel the gel 
was dissolved at  50°C on the PCH-1 dry block heater  (Grant  Bio I nst rum ents, 
New Jersey, USA)  in 3 volum es buffer QX1 with 10µl QIAEX I I  suspension (both 
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supplied with kit ) .   The QIAEX I I  suspension, which binds DNA, was then 
washed using buffers supplied with the kit  and the purified PCR products were 
eluted in nuclease free water.  
The purified PCR product  was cloned using the PGem T easy vector system  
(Prom ega, Southam pton, UK) .  Ligat ion react ions were assem bled and incubated 
at  4°C overnight  to facilit ate insert ion of the PCR  product  into the vector (Table 
3.4) .  50µl DH5Į com petent  cells (New England Biolabs, Hert fordshire, UK)  were 
added to 5µl of the ligat ion react ion and incubated on ice for 30 m inutes to allow 
the vector to bind the cell wall of the com petent  cells.   
 
Table 3 .4  Ligat ion react ions.  Purified PCR products were cloned using the PGem T easy 
vector system  (Promega, Southam pton, UK) .       
Reagent Volume per sample 
Ligat ion Buffer 5µl 
Nuclease free w ater 2µl 
PGem T vector 0.5µl 
Purified PCR product 2 µl (10ng) 
T4  DNA ligase 0.5µl 
 TOTAL  1 0 µl 
 
 
The com petent  cells were then subject  to heat  shock for 2 m inutes at  42°C and 
returned to ice for 5 m inutes to allow the vector to enter the cells.  The 
com petent  cells were added to 1m l LB and shaken at  150 rpm  for 1.5 hours at  
37°C.  The t ransform at ion culture was plated onto L B/ Am picillin/ x-gal plates 
which were then incubated at  37°C overnight .  White  colonies were picked and 
t ransferred to a PCR react ion m ixture with pr im ers specific for SP6 (5’ 
ATTTAGGTGACACTATAGAATA 3’)  and T7 (5’ TAATACGACTCACTATAGGG 3’)  
which are sites within the PGem T vector that  flank the insert ion site (Table 3.5) .   
PCR react ions were perform ed on a therm al cycler (Eppendorf, Stevenage, UK) 
using the following program :  1 cycle of 95°C for 15  m inutes, 40 cycles of 95°C 
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for 30 seconds, 57°C for 30 seconds, 72°C for 1 m in ute and 1 cycle of 72°C for 5 
m inutes. 
 
Table 3 .5  PCR react ion m ixture 
Reagent Volume per sample 
HotStar Taq Masterm ix 13.5µl 
Nuclease free w ater 10.5µl 
T7  pr im er ( 5 µM)  1µl 
SP6  pr im er ( 5 µM)  1µl 
 TOTAL  2 5 µl 
 
 
PCR products were elect rophoresed through a 1.5%  agarose gel in TAE buffer 
containing 1: 10,000 RedGel nucleic acid stain (Biot ium Inc., California, USA)  
against  a 100bp DNA ladder (Prom ega, Southham pton, UK)  and then visualised 
on the Doc- I t  Im ager (UVP, California, USA)  (Sect ion 2.2.3.3.3) .  A no- tem plate 
cont rol was included to ensure am plificat ions were contam inat ion free.  PCR 
products of 584bp (427bp insert  plus 157bp of the PGem T vector)  were 
sequenced (Source Bioscience, Not t ingham , UK)  with SP6 sequencing prim ers 
supplied by Source Bioscience.   
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3 .2 .7  Pyrosequencing 
I ndividual pyrosequencing PCR assays were designed to interrogate CpGs on the 
sense and ant isense st rands of the m ouse lept in prom oter using Pyrom ark Assay 
Design software 3.0 (Qiagen, West  Sussex, UK) .  The assay was designed to 
reflect  the Hp-bss assay design and am plify the sam e nine CpGs (Figure 3.1)  
(Appendix E) .  Analysis was perform ed on three consecut ive passages of cells 
(Table 3.6) . 
 
Table 3 .6  Passage numbers of m ESCs used in pyrosequencing analysis 
 Passage number 
Cell line Replicate 1  Replicate 2  Replicate 3  
W T  P6 P7 P8 
DNMT1 s P15 P16 P17 
DNMT3 a ( - / - )  P21 P22 P23 
DNMT3b ( - / - )  P21 P22 P23 
DKO P21 P22 P23 
 
 
gDNA was bisulfite converted with an incubat ion step of 70°C for 80 m inutes 
(Sect ion 3.2.6) .  Converted DNA was then am plified in a PCR react ion (Table 
3.7) .  Am plif icat ions were perform ed using a therm al cycler (Eppendorf, 
Stevenage, UK)  with the program :  1 cycle of 95°C fo r 15 m inutes, 45 cycles of 
95°C for 30 seconds, 58°C for 30 seconds, 72°C for 1 minute and 1 cycle of 
72°C for 5 minutes for the sense st rand assay and t he program:  1 cycle of 95°C 
for 15 m inutes, 45 cycles of 95°C for 30 seconds, 6 1°C for 30 seconds, 72°C for 
1 minute and 1 cycle of 72°C for 5 minutes for the ant isense st rand assay.  
Agarose gel elect rophoresis was used to visualise PCR products (Sect ion 
2.2.3.3.3) .  A no- tem plate control was included to ensure am plificat ions were 
contam inat ion free.    
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Table 3 .7  PCR react ion m ixture 
Reagent Volume per sample 
HotStar Taq Masterm ix 13.5µl 
Nuclease free w ater 4µl 
Forw ard pr imer ( 1 0m M)  1µl 
Reverse pr im er ( 10 m M)  1µl 
Bisulfite converted DNA 
( from  2 µg gDNA)  6.5µl 
 
 
TOTAL  2 5 µl 
 
 
10-20µl of PCR product  was used in pyrosequencing react ions to determine the 
percentage of m ethylated/ hydroxym ethylated cytosines at  each CpG site 
(Sect ion 2.2.3.3.4) . 
3 .2 .8  r t -PCR for  lept in, Sp1 , C/ EBPĮ, DNMT3 L, TET1  and TET2  m RNA 
expression 
cDNA synthesis was perform ed using 2µg total RNA (Sect ion 2.2.4.2) .   Rt -PCR 
am plificat ions were assem bled using the HotStar Taq Mastermix Plus kit  (Qiagen, 
Stevenage, UK)  (Table 3.8) .   
Prim ers were obtained from Eurofins (Eurofins MGM Operon, Ebersberg, 
Germ any)  and were specific to the gene of interest  (Table 3.9) .  PCR react ions 
were perform ed in a therm al cycler (Eppendorf, Stevenage, UK)  using the 
following program : 1 cycle of 95°C for 15 m inutes, 3 8 cycles of 95°C for 30 
seconds, 57°C for 30 seconds, 1 minute and 1 cycle of 72°C for 5 m inutes.   
PCR products were elect rophoresed through a 1.5%  agarose gel in TAE buffer 
containing 1: 10,000 RedGel nucleic acid stain (Biot ium Inc., California, USA)  
against  a 100bp DNA ladder (Prom ega, Southham pton, UK)  and then visualised 
on the Doc- I t  Im ager (UVP, California, USA)  (Sect ion 2.2.3.3.3) .  A no- tem plate 
cont rol was included to ensure am plif icat ions were contaminat ion free and cDNA 
was also am plified with a housekeeping gene, GAPDH, to ensure cDNA integrit y. 
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Table 3 .8  PCR react ion m ixture for r t - PCR 
Reagent Volume per sample 
HotStar Taq Masterm ix 13.5µl 
Coraload dye 3.5µl 
Nuclease free w ater 7µl 
Forw ard pr imer ( 1 0m M)  1µl 
Reverse pr im er ( 10 m M)  1µl 
Sam ple cDNA ( from  RT react ion)  1µl 
 TOTAL  2 5 µl 
 
Table 3 .9  Pr im ers sequences for  r t -PCR 
Gene of 
interest Pr im er sequence 
Size of PCR 
product ( bp)  
Lept in Forward:  5’ CCAAAACCCTCATCAAGACC 3’ Reverse:  5’ TCATTGGCTATCTGCAGCAC 3' 208 
C/ EBPĮ Forward:  5’ TTACAACAGGCCAGGTTTCC 3’ Reverse:  5’ CTCTGGGATGGATCGATTGT 3’ 232 
Sp1 Forward:  5’ ACAGGAGAGAAGAAATTTGCC 3’ Reverse:  GCAATACCCTCTGGACAGATG 233 
DNMT3 L Forward:  5’ CGGCACCAGCTGAAGGCCTTCCATG 3’ Reverse:  5’ AGGCAGCGCATACTGCAGGATCCGG 3’ 342 
TET1 Forward:  5’ AAGACAGACTTTAACAACAAACC 3’ Reverse:  5’ CCACTTCTCCACCTCAATTC 3’ 168 
TET2 Forward:  5’ CTGACTCTCAAGTCACAGAAA 3’ Reverse:  5’ TGTCTGGATTGCATCCTTCAC 3’ 193 
 
3 .2 .9  Restr ict ion enzyme based 5 - hm C detect ion 
5-hm C can be glucosylated to form  5-glucosyl hydroxymethylcytosine (5-ghm C).  
Certain m ethylat ion insensit ive rest r ict ion endonucleases, which cleave DNA 
when unm ethylated, m ethylated or hydroxym ethylated cytosines are present  in 
their  recognit ion site, are blocked by 5-ghm C.  A glucosylat ion step pr ior to 
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incubat ion with the rest rict ion enzym e can therefore be used to different iate 
between 5-m C and 5-hm C.      
This was ut ilised in an assay where gDNA was first ly glucosylated in order to 
convert  5-hm C bases to 5-ghm C, and then cleaved with the restr ict ion enzym e 
MspI .  Glucosylated DNA was also cleaved with HpaI I , which is an isoschizom er 
of MspI  that  is unable to cleave m ethylated and hydroxym ethylated cytosines.  A 
PCR react ion was then perform ed with pr im ers that  were designed to flank an 
MspI / HpaI I  recognit ion site within the lept in prom oter (site four depicted in 
Figure 3.1) .  The presence of a PCR product  with MspI  cleaved glucosylated DNA 
would indicate the presence of hydroxym ethylat ion at  that  specific site whilst  the 
presence of a PCR product  with HpaI I  cleaved glucosylated DNA would indicate 
the presence of m ethylated and/ or hydroxym ethylated cytosines at  that  specific 
site (Figure 3.3) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 .3  W orkflow  for the restr ict ion enzym e based detect ion of 5 -
hydroxym ethylcytosine ( 5 -hmC) .  Glucosylat ion react ions:  gDNA is glucosylated using 
T4-BGT, convert ing 5-hmC to 5-ghm C.  Glucosylated DNA is digested with MspI  or 
HpaI I .   MspI  cleavage is blocked by 5-ghmC whereas HpaI I  cleavage is blocked by 5-
ghmC, 5-hmC and 5-mC, therefore PCR amplificat ion of glucosylated DNA digested with 
MspI  determ ines the presence of 5-hmC.  Cont rol react ions:  gDNA is not glucosylated 
and therefore should not  produce a PCR product  after digest ion with MspI .  Adapted 
from  the NEB Epim ark handbook. 
 
Genom ic DN A 
Glucosylat ion 
react ions 
Detects                
DN A m ethylat ion        
( 5 - m C and 5 - hm C)  
Detects all 
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5 - hm C 
 
 
Genom ic DN A 
Control 
react ions 
Detects                
DN A m ethylat ion        
( 5 - m C and 5 - hm C)  
Detects      
nothing 
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m odificat ion s 
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Reagents were obtained from  New England Biolabs, Hert fordshire, UK unless 
otherwise stated.  200ng gDNA was glucosylated in order to convert  any 5-hm C 
m odificat ions to 5-ghm C by incubat ion with a ß-glucosylt ransferase enzym e 
overnight  at  37°C on the PCH-1 dry block heater (Gr ant  Bio Inst rum ents, New 
Jersey, USA)  (Table 3.10) .   
 
Table 3 .1 0  Glucosylat ion react ion mixtures 
Reagent Glucosylat ion react ion No glucosylat ion control 
1 0 x react ion buffer 5µl 5µl 
UDP-glucose ( 2m M)  5µl 5µl 
ß- glucosyltransferase enzym e 
( 1 0  units/ µl)  2µl -  
gDNA 200ng 200ng 
Nuclease- free w ater Up to 50µl Up to 50µl 
 
 
40 units MspI  or HpaI I  rest rict ion enzym e (or 3µl water to no rest rict ion 
cont rols)  was added and sam ples were again incubated overnight  at  37°C.  
Glucosylated, rest ricted DNA was purified using DNA clean and concent rator 
colum ns (Zym o, California, USA) .  100µl DNA binding buffer (supplied with kit )  
was m ixed with DNA and passed through the colum n to allow the binding of DNA 
to the column m at rix.  The column was washed several t im es with wash buffer 
(supplied with kit )  and DNA was eluted with 10µl nuclease free water.  The 
purif ied DNA was am plif ied in a PCR react ion using HotStar Taq plus m astermix 
(Qiagen, West  Sussex, UK) .  PCR react ions were perform ed using the program:  
1 cycle of 95°C for 15 m inutes, 30 cycles of 95°C f or 30 seconds, 57°C for 30 
seconds and 72°C for 1 minute and 1 cycle of 72°C f or 5 minutes on a therm al 
cycler (Eppendorf, Stevenage, UK)  (Table 3.11) . 
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Table 3 .1 1  PCR react ion m ixture 
Reagent Volume per sample 
HotStar Taq Masterm ix 13.5µl 
Coraload dye 3.5µl 
Nuclease free w ater 3µl 
Forw ard pr imer ( 5 mM)  1µl 
Reverse pr im er ( 5m M)  1µl 
Template DNA 4µl 
 TOTAL 2 5 µl 
 
 
Pr im ers were obtained from Eurofins (Eurofins MGM Operon, Ebersberg, 
Germ any)  and were designed to am plify a 136bp PCR product . The forward 
pr im er sequence was 5’ CTAGAATGGAGCACTAGGTTGCTG 3’ and the reverse 
pr im er sequence was 5’ CTGCCTGCCCCTCTTATAACTGC 3’.  PCR products were 
separated through a 1.5%  agarose gel in TAE buffer containing 1: 10,000 RedGel 
nucleic acid stain (Biot ium  I nc., California, USA)  against  a 100bp DNA ladder 
(Prom ega, Southham pton, UK)  and then visualised on the Doc- I t  I m ager (UVP, 
California, USA)  (Sect ion 2.2.3.3.3) .  A no-tem plate control was included to 
ensure am plif icat ions were contaminat ion free.      
3 .2 .1 0  DNMT3 b m utant  m ouse t issues 
DNMT3b mutant  adipose and liver m ouse t issues were a gift  from  Claire 
Francastel at  the University of Paris.  These t issues were obtained from  newborn 
DNMT3b (mEX3/ m EX24)  m utant  m ice which have a m issense m utat ion in the 
catalyt ic dom ain (mutat ion D823G in exon 24)  which result s in a part ial loss of 
DNMT3b funct ion and a single base insert ion shift ing the reading fram e  and 
int roducing a prem ature terminat ion signal in the N- terminal region (T insert ion 
in exon 3) .  This result s in hypom orphic mutants with a part ial loss of DNMT3b 
funct ion whilst  expression levels of the other DNMTs rem ains unaffected (Velasco 
et  al, 2010) .   
3 .2 .1 1  Stat ist ical analysis 
Stat ist ical analysis was perform ed by convent ional ANOVA (Genstat , 2011) .   
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3 .3  Results  
3 .3 .1  Validat ion of m ESCs 
The prim ary aim  of the work presented in this chapter was to invest igate the 
cont ribut ions of DNMT1, DNMT3a and DNMT3b to the DNA m ethylat ion pat tern 
at  the lept in prom oter.  Generally these three DNMTs are highly expressed in 
pluripotent  cells with DNMT3a and DNMT3b becom ing down- regulated in som at ic 
cells.  For this reason plur ipotent  m ouse em bryonic stem  cells (m ESCs)  were 
ut ilised.  Pluripotent  cell lines such as m ESCs can spontaneously different iate in 
culture.  The undifferent iated state of each cell line was confirm ed prior to 
performing downst ream  applicat ions.  The undifferent iated state of m ESCs can 
be character ised by high levels of alkaline phosphatase (AP)  expression which is 
then down-regulated in different iated cells (Pease et  al, 1990) .  AP staining is, 
therefore, rout inely used to test  for pluripotency.  Using the Millipore AP staining 
kit , cells highly expressing AP produce a deep red colour whilst  different iated 
cells produce a pink colour or no colour.  Staining was perform ed alongside cells 
that  had lost  their  plur ipotency by depriving them  of LI F, a factor which is 
essent ial for the m aintenance of plur ipotency in mESCs.  Post -staining, the 
num ber of colonies producing a deep red colour was counted and AP staining 
confirm ed that  m ore than 90%  of colonies within each mESC stem  cell line 
rem ained undifferent iated (Figure 3.4) . 
 
 
 
 
 
 
 
 
 
 
 
W T 
- LI F + LI F 
1 s 
- LI F + LI F 
3 a ( - / - )  
- LI F + LI F 
3 b ( - / - )  
- LI F + LI F 
DKO  
- LI F + LI F 
Figure 3 .4  Alkaline Phosphatase staining of mESCs.  WT, 1s,  3a( - / - ),  3b ( - / - ) and 
DKO mESCs were tested for pluripotency by AP staining.  Cells were m aintained with 
(undifferent iated)  and without  LI F (different iated) .   Undifferent iated cells produce a 
deep red colour whilst different iated cells produce either no colour or a light  pink 
colour.  Colour m icroscopy equipment  was unavailable however black and white im ages 
at  x40 are shown alongside a colour photograph of the 24 well plate. 
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To invest igate the individual contr ibut ions of DNMT1, DNMT3a and DNMT3b to 
DNA m ethylat ion at  the lept in prom oter, mESCs with knockouts for these 
enzym es were sourced.  I n order to confirm that  these enzym es had been 
inact ivated, each cell line was subjected to protein analysis by western blot t ing 
pr ior to perform ing downst ream  applicat ions.  The WT cell line, which expresses 
DNMT1, DNMT3a and DNMT3b was used as a posit ive cont rol (Figure 3.5) . 
DNMT1, DNMT3a and DNMT3b proteins were all detected in the WT m ESC line.  
The DNMT3a( - / - ) and DNMT3b( - / - )  cell lines are null mutat ions, and the protein 
targeted for inact ivat ion was not  detected in either cell line.  The DNMT1s cell line 
is a hypom orphic mutat ion, however DNMT1 protein was not  detected by 
western analysis.  Cell lines were probed for histone H3 to validate protein 
integrity of the sam ples as this protein should be present  in all cells.  H3 protein 
was detected in all cell lines. 
3 .3 .2  DNA m ethylat ion ( 5 - m C and 5 - hm C)  analysis 
To assess DNA m ethylat ion at  the lept in promoter pyrosequencing and Hp-bss 
were used, each technique having advantages and disadvantages.  
Pyrosequencing determ ines the overall percentage of m ethylated cytosines at  
each CpG analysed within a given populat ion of DNA st rands (Figure 3.6) .  
Although this is a useful technique in determ ining DNA m ethylat ion levels in a 
total populat ion of DNA m olecules, it  involves the convent ional bisulfit e 
conversion of gDNA, result ing in a loss of complem entarit y between the sense 
and ant isense st rand of DNA m olecules.  This procedure result s in the 
Figure 3 .5  W estern Blots for  DNMT protein expression in mESCs.  mESCs were also 
probed for Histone H3 to verify protein integrity.   
 
 
 
W T 1 s 3 a ( - / - )  3 b ( - / - )  DKO 
DNMT1  
DNMT3 a  
DNMT3 b 
    H3  
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denaturat ion and separat ion of DNA m olecules and therefore the sense and 
ant isense st rands m ust  be analysed using two separate assays.  Hp-bss also 
requires the bisulfite conversion of gDNA, however, pr ior to this DNA m olecules 
are cleaved and the sense and ant isense st rands are ligated via an 
oligonucleot ide hairpin linker.  Upon bisulfit e conversion and denaturat ion of the 
DNA m olecule, the sense and ant isense st rand rem ain at tached by the hairpin 
linker.  Unlike in pyrosequencing, this allows the analysis of DNA m ethylat ion 
pat terns on both the sense and ant isense st rand of an individual DNA m olecule, 
referred to as an epiallele, and subsequent ly the analysis of the m ethylat ion 
status of individual CpG dyads.  The hairpin linker is also encoded with 
inform at ion that  allows the rem oval of contam inant  and redundant  epialleles 
(Miner et  al, 2004) , ensuring a high level of confidence in PCR-derived sequence 
data.  A disadvantage of Hp-bss is the requirement  of cloning and sequencing of 
individual epialleles.  The num ber of analysed epialleles is lim ited by the cost  of 
sequencing and therefore the data m ay not  represent  the whole populat ion of 
epialleles that  m ay be present  within a sam ple.  I n this analysis 40 epialleles 
were obtained from  each m ESC line.  To assess the consistency and congruency 
of data derived from  these techniques, Hp-bss data was com pared to that  
obtained from  pyrosequencing.                                          .                      
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Figure 3 .6  DNA m ethylat ion levels on the upper strand of the lept in promoter in m ESCs using pyrosequencing.  Pyrosequencing was used 
to determ ine DNA methylat ion levels at  nine CpGs of the lept in prom oter in WT, 1s, 3a ( - / - ),  3b ( - / - ) and DKO m ESCs.  CpG one is located within an Sp1 
t ranscript ion binding site, CpGs two and three are located within a site designated LP1 and CpG five is located within a C/ EBPĮ t ranscript ion factor 
binding site.  I nternal cont rols for the detect ion of an incomplete bisulfite conversion are highlighted in yellow.  Numbers given are the percentage of 
m ethylated DNA m olecules within the sam ple at  each individual CpG site.   
W T 
1 s 
3 a ( - / - )  
3 b ( - / - )  
DKO 
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Figure 3 .7   DNA m ethylat ion at  the lept in promoter in m utant  mESCs using Hp-bss.   40 epialleles from WT, 1s,  3a( - / - ),  3b ( - / - )  and DKO m ESCs 
were analysed for DNA m ethylat ion at the lept in prom oter.  Nine complementary CpG sites were interrogated by Hp-bss which allows the analysis of 
both st rands of an individual DNA m olecule.  The two rows of boxes within each rectangle represent  the sense and ant isense st rand of each epiallele.  
Unmethylated CpGs are white, methylated CpGs are black.  Epialleles within each cell line are sorted by methylat ion density. 
 
W T 1 s 3 a ( - / - )  3 b ( - / - )  DKO  
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3 .3 .2 .1  Quality m onitor ing 
Several m easures were taken to ensure the quality of the data produced.  
Pyrosequencing analysis was perform ed on three consecut ive passages of cells in 
order to m inimise possible changes in DNA m ethylat ion levels between cells of 
different  passages.  Standard deviat ions between the three passages were 
between 0 and 7%  at  all sites. Due to the nature of Hp-bss, analysis could only 
be performed on one passage of cells.  However, DNA m ethylat ion levels 
obtained from  the two techniques were com pared as another quality measure.  
I ndividual pyrosequencing assays were designed for the sense and ant isense 
st rand of the lept in prom oter.  I t  was not  possible to rule out  that  the different  
assays conferred an am plificat ion bias and for this reason the DNA methylat ion 
levels determined by pyrosequencing on the two st rands were not  com pared 
direct ly.  The data obtained from  the two st rands was also com pared to that  
obtained from  the Hp-bss to assess any bias between the two assays. 
3 .3 .2 .1 .1  Efficiency of bisulfite  conversion 
Both pyrosequencing and Hp-bss use a bisulfit e conversion step (Sect ion 3.3.6) .  
During this conversion all unm ethylated cytosines, including those that  are not  
part  of a CpG dinucleot ide, are converted to uracil and am plif ied in downstream 
PCR react ions as thymine whilst  5-m C and 5-hm C rem ain unaffected.  This 
allows the different iat ion between cytosine and 5-m C or 5-hm C, respect ively.  
An incom plete conversion would result  in the inaccurate determinat ion of DNA 
m ethylat ion levels and therefore m easures were taken to determine the 
conversion efficiency.  The pyrosequencer was program m ed to include a control 
for an incom plete bisulfite conversion which can be seen in the pyrogram s 
highlighted in yellow (Figure 3.6) .  At  this point  in the pyrosequencing step the 
next  base to be sequenced is a thymine which has resulted from  a converted 
cytosine.  The m achine at tem pts to incorporate both thym ines and cytosines at  
this step and can therefore determine the rat io of thymines to cytosines and 
subsequent ly the conversion efficiency.  The required conversion efficiency for a 
successful run was at  the default  set t ing of 95% .  There is a report  of non-CpG 
DNA m ethylat ion in these m utant  mESCs, although not  specifically at  the lept in 
prom oter (Arand et  al, 2012) .  Non-CpG m ethylat ion occurs when cytosines that  
are not  part  of a CpG dinucleot ide are subject  to DNA m ethylat ion. The presence 
of non-CpG m ethylat ion could skew the efficiency of bisulfit e conversion as it  is 
these non-CpG cytosines which are used to test  the efficiency.  The presence of 
non-CpG methylat ion at  the lept in prom oter in these cell lines was not  
determ ined however it  did not  affect  pyrosequencing runs.  In the Hp-bss assay, 
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the comm ercially synthesised oligonucleot ide hairpin linkers were designed to 
contain unm ethylated cytosines which were used to m onitor the bisulfit e 
conversion efficiency.  This was above 99.5%  for all sam ples.   
3 .3 .2 .1 .2  Account ing for  contam inat ion and redundancy 
Another factor which could bias these results is contaminat ion during PCR 
react ions.  All PCR react ions were performed against  no- tem plate cont rols and in 
the pyrosequencing assay these react ions were also pyrosequenced in order to 
detect  possible contam inat ion.  Hairpin linkers for the hp-bss assay were 
designed to include a batchstam p which was specific to each of the cell lines so 
that  post -sequencing, contam inant  sequences could be rem oved from  the 
analysis.  Each individual hairpin linker also contained a random ly generated 
barcode and any sequence which had the sam e DNA m ethylat ion pat tern and the 
sam e batchstam p and barcode were assum ed to be redundant  and rem oved 
from  the analysis. 
3 .3 .2 .2  Overall DNA m ethylat ion levels at  the lept in prom oter  in m ESCs 
DNA m ethylat ion levels at  nine CpGs of the lept in prom oter described in Figure 
3.1 were analysed by pyrosequencing and Hp-bss in WT, DNMT1s, DNMT3a( - / - ),  
DNMT3b( - / - ) and DKO m ESCs.  I n order to assess the overall effect  on DNA 
m ethylat ion the average DNA m ethylat ion level over the nine CpGs within each 
cell line was calculated for both techniques (Figure 3.8) .  The pyrosequencing 
data revealed that  all cell lines had higher DNA m ethylat ion levels on the 
ant isense st rand.  As explained previously, in pyrosequencing analysis the sense 
and ant isense st rands were analysed through two separate assays.  I t  cannot  be 
ruled out  that  the different  PCR react ions between the two assays conferred a 
bias and therefore no direct  com parisons were m ade between the sense st rand 
and the ant isense st rand.  With the except ion of the DNMT3b( - / - ) cell line this 
effect  was also observed in the Hp-bss data, where the sense and ant isense 
st rands of individual epialleles were analysed sim ultaneously. 
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3 .3 .2 .3 .1  The effect  of DNMT knockouts on overall DNA m ethylat ion 
levels at  the lept in prom oter 
I n both the pyrosequencing and Hp-bss analysis, the WT cell line exhibited 
interm ediate overall DNA m ethylat ion levels at  the lept in prom oter.   The effect  
of DNMT knockouts was analysed relat ive to the WT cell line (Table 3.12) .     
The DNMT1s cell line exhibited low levels of DNA m ethylat ion on the sense and 
ant isense strand of the lept in prom oter (Figure 3.8) .  Pyrosequencing and Hp-
bss analysis gave com parable result s between m ethylat ion levels on the sense 
and the ant isense st rand.  Relat ive to the WT cell line this resulted in a 
significant  decrease in DNA m ethylat ion levels on both st rands (ANOVA 
p= < 0.001)  (Table 3.12) .  The hypom orphic DNMT1s cell line is not  guaranteed to 
be a null mutat ion and has previously been described as extensively 
dem ethylated but  not  com pletely dem ethylated (Lei et  al, 1996) .   Further 
studies which have successfully created a DNMT1 ( - / - ) m ouse em bryonic stem  cell 
line have confirmed that  even with com plete knockout  of DNMT1, the cell line 
st ill contains low and stable levels of DNA m ethylat ion (Lei et al, 1996) .  
I nact ivat ion of DNMT1, even though the enzym e m ay not  be com pletely 
inact ivated, caused a substant ial reduct ion in DNA m ethylat ion on both the sense 
Figure 3 .8  Overall DNA m ethylat ion levels at  the lept in prom oter in mESCs.  
The average DNA methylat ion level between the nine CpGs in each cell line were 
calculated by pyrosequencing (white bars)  and Hp-bss (black bars) . 
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and ant isense st rand of the lept in prom oter.  Ment ioned previously was the 
observat ion that  DNA m ethylat ion levels determ ined by pyrosequencing for the 
ant isense st rand were higher than the sense st rand in every cell line.  As 
separate assays were designed to interrogate the two st rands this m ay have 
conferred bias which resulted in this observat ion.  I n the DNMT1s cell line this 
effect  was also observed in the analysis of Hp-bss data.  Although overall DNA 
m ethylat ion levels were higher on the ant isense st rand, the loss of DNA 
m ethylat ion with the inact ivat ion of DNMT1 was m ore pronounced on the 
ant isense st rand.  The dram at ic loss of overall DNA methylat ion levels at  the 
lept in prom oter in the absence of DNMT1 is in agreem ent  with the idea that  
DNMT1 is required in order to m aintain the m ajor it y of DNA m ethylat ion at  this 
genomic locus.   
 
Table 3 .1 2  The effect of DNMT knockouts on overall DNA m ethylat ion at  the 
lept in promoter .  The percentage of methylat ion lost  or gained was calculated relat ive to 
the WT cell line. 
Cell line Sense strand Ant isense strand 
 Pyro Hp-bss Pyro Hp-bss 
DNMT1 s -24%  -29%  -36%  -32%  
DNMT3 a ( - / - )  + 5%  -4%  -3%  -3%  
DNMT3b ( - / - )  + 19%  + 16%  0%  + 16%  
DKO -31%  -39%  -48%  -43%  
 
 
At  the lept in prom oter, the inact ivat ion of DNMT3a did not  result  in a significant  
change in DNA methylat ion when com pared to the WT cell line.  There was a 
slight  discrepancy between the pyrosequencing and Hp-bss results on the sense 
st rand.  According to the pyrosequencing data, DNA m ethylat ion levels increased 
by 5%  whilst  the Hp-bss data displayed a 4%  decrease in m ethylat ion levels 
(Table 3.12) .   
The DNMT3b( - / - ) cells exhibited the highest  levels of DNA m ethylat ion and whilst  
the inact ivat ion of DNMT3a resulted in no significant  change, the inact ivat ion of 
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DNMT3b produced an significant  increase in DNA m ethylat ion levels relat ive to 
the WT cell line (ANOVA p= < 0.001) (Figure 3.8) .  On the sense st rand the 
increase in DNA m ethylat ion was agreeable between the pyrosequencing and 
Hp-bss results with a 19%  and 16%  increase in DNA m ethylat ion levels 
respect ively, relat ive to the WT (Table 3.12) .  On the ant isense st rand there was 
a discrepancy in the result s obtained from  the two techniques.  The 
pyrosequencing data inferred no change whilst  the Hp-bss data resulted in a 
16%  increase in DNA m ethylat ion levels relat ive to the WT.  Although the 
observat ion of increased DNA m ethylat ion levels at  the lept in prom oter with the 
inact ivat ion of DNMT3b m ay be genuine, gene-specific increases in DNA 
m ethylat ion levels in this cell line have not  been reported and the lim itat ions of 
this assay m ay be responsible for this effect .  The original WT for these mutant  
m ESCs could not  be obtained and an alternat ive isogenic cell line, CGR8 (WT) , 
was sourced.  I t  m ay be possible that  the or iginal wild type has higher DNA 
m ethylat ion levels than the CGR8 (WT)  cell line which would account  for the 
increased DNA m ethylat ion observed in the DNMT3b( - / - ) cells.  As DNA 
m ethylat ion levels are known to increase with increasing t im e in culture 
(Antequera & Bird, 1993) , the num ber of passages each cell line has experienced 
m ay also be accountable for this effect .  WT cells were used at  P6, 7 and 8 
whereas DNMT3b( - / - ) cells were older at  P21, 22 and 23.  Although these factors 
m ay account  for the increased DNA m ethylat ion levels relat ive to the WT, 
DNMT3b( - / - ) m ESCs st ill exhibited higher overall DNA m ethylat ion levels by 14-
20%  than the DNMT3a( - / - )  which were at  equivalent  passages.   
The DKO cell line was severely hypom ethylated at  the lept in prom oter in both 
the pyrosequencing and Hp-bss assays.  This cell line has been reported to 
progressively lose methylat ion with increasing passages (Armstrong et  al, 2012;  
Jackson et  al, 2004) .  Cells at  P21, 22 and 23 were used in these assays and it  
m ay be that  if earlier passage-cells were used, higher levels of DNA methylat ion 
would have been observed at  the lept in prom oter. 
3 .3 .2 .3 .2  DNA m ethylat ion levels at  individual CpGs of the lept in 
prom oter 
Next , pyrosequencing was used to determine DNA m ethylat ion levels at  the nine 
individual CpGs analysed on both the sense and ant isense st rand.  The result s 
obtained from  the pyrosequencer were again com pared to that  obtained from  
Hp-bss analysis as a cont rol m easure.  The percentage DNA m ethylat ion at  each 
CpG as determined by pyrosequencing was plot ted against  that  calculated from  
the Hp-bss data to ident ify any discrepancies between the two techniques 
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(Figure 3.9) .  Overall the two techniques gave a good correlat ion, however there 
were som e CpGs that  exhibited m arkedly different  DNA m ethylat ion levels 
between the two techniques.  The CpGs affected were not  consistent  between 
the cell lines.  This observat ion m ay be a consequence of bias in the PCR assays 
or, m ore likely, a consequence of analysing only 40 epialleles within the Hp-bss 
assay.  These 40 epialleles m ay not  be representat ive of the m any DNA 
m olecules within each populat ion of cells.  For these reasons DNA m ethylat ion 
levels at  the individual CpGs was analysed by pyrosequencing only, however, the 
com parat ive results from  Hp-bss analysis are displayed also (Figure 3.9) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3 .9 . DNA m ethylat ion levels at  individual CpGs of the lept in prom oter.  
The percentage DNA m ethylat ion at  each CpG in m utant  mESCs as determ ined by 
pyrosequencing (white bars)  and as calculated from  Hp-bss (black bars)  data.  
3
0
20
40
60
80
0
20
40
60
80
M
e
th
yla
tio
n
 
(%
) Methylation
 (%)
CpG
Pyro
Hp-bss
1 2 4 5 7 8 2 3 4 5 6 7 8 9196
WT
Sense Antisense
3
0
20
40
60
80
0
20
40
60
80
M
e
th
yla
tio
n
 
(%
) Methylation
 (%)
CpG
Pyro
Hp-bss
1 2 4 5 7 8 2 3 4 5 6 7 8 9196
1s
Sense Antisense
3
0
20
40
60
80
0
20
40
60
80
M
e
th
yla
tio
n
 
(%
) Methylation
 (%)
CpG
Pyro
Hp-bss
1 2 4 5 7 8 2 3 4 5 6 7 8 9196
3a(-/-)
Sense Antisense
3
0
20
40
60
80
0
20
40
60
80
M
e
th
yla
tio
n
 
(%
) Methylation
 (%)
CpG
Pyro
Hp-bss
1 2 4 5 7 8 2 3 4 5 6 7 8 9196
DKO
Sense Antisense
  
89 
 
3 .3 .2 .3 .3  The effect  of DNMT knockouts on DNA m ethylat ion levels at 
individual CpGs of the lept in prom oter 
I n the WT cell line each of the nine CpGs interrogated exhibited low to 
interm ediate levels of DNA methylat ion on the sense st rand (Figure 3.9) .  CpG-1, 
CpG-2, CpG-3 and CpG-6 were the m ost  lowly m ethylated (18-23% )  whilst  CpG-
4, CpG-5, CpG-7 and CpG-9 were the m ost  highly m ethylated (34-51% ) .  Higher 
DNA m ethylat ion levels were observed on the ant isense strand and although 
CpG-1, CpG-2 and CpG-3 were st ill the m ost  lowly m ethylated CpGs (27-33% ) , 
CpG-6 was one of the m ost  highly m ethylated on this st rand.  CpG-4 to CpG-9 
were the m ost  highly m ethylated (59-71% ) . 
The inact ivat ion of DNMT1 resulted in a decrease in DNA m ethylat ion at  each of  
the nine CpG analysed on both the sense and ant isense strand (Table 3.13) .  
The loss in methylat ion was not  uniform  between the nine CpGs.  On the sense 
st rand, CpG-1, CpG-2, CpG-3, CpG-4, CpG-6 and CpG-8 were now the m ost  
lowly m ethylated (4-9% )  whilst  CpG-5, CpG-7 and CpG-9 were st ill the m ost  
highly m ethylated (10-20% ) .  On the ant isense st rand CpG-1,CpG-  2, CpG-3, 
CpG-8 and CpG-9 were the m ost  lowly m ethylated (12-16% )  and CpG-4, CpG-5, 
CpG-6 and CpG-7 were the m ost  highly m ethylated (20-26% ).  The double 
knockout  of DNMT3a and DNMT3b led to hypom ethylat ion at  each of the nine 
CpGs on both the sense and ant isense strand and at  m ost  CpGs in the DNMT1s 
cell line, the loss in DNA m ethylat ion on the sense st rand was com parable to that  
observed in the DKO cell line.  CpG-5, however, exhibited 18%  higher DNA 
m ethylat ion levels than the DKO cell line, retaining alm ost  half of the DNA 
m ethylat ion observed in the WT cell line.  On the ant isense st rand CpG-5 had 
only retained under a third of the DNA m ethylat ion level observed in the WT cell 
line. 
I n the DNMT3a( - / - ) cell line,  CpG-1, CpG-2 and CpG-3 were again the m ost  lowly 
m ethylated (15-28%  on the sense st rand and 22-33%  on the ant isense st rand) .  
On the sense strand the rem aining CpGs, with the except ion of CpG-7, gave 
interm ediate levels of DNA m ethylat ion (32-52% ) .  CpG-7, however, exhibited 
higher levels of DNA m ethylat ion in com parison to the other sites at  71% .   Most  
sites lost  a m arginal am ount  of m ethylat ion between 1%  and 8% , however, 
CpG-4, CpG-6 and CpG-7 gave increases of 10% , 29%  and 20%  respect ively in 
com parison to the WT cell line.  On the ant isense st rand CpG-5, CpG-8 and CpG-
9 also gave interm ediate levels of DNA m ethylat ion (44-54% )  but  CpG-4, CpG-6 
and CpG-7 were m ore highly m ethylated (62-82% ) and the DNA methylat ion 
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levels at  these sites had increased relat ive to the WT.  This increase was the 
m ost  dram at ic at  CpG-6 (an increase of 19% ) .  
I n the DNMT3b( - / - )  cell line, on the sense st rand, CpG-6 was the m ost  lowly 
m ethylated (28% )  whilst  CpG-1, CpG-2, CpG-3 and CpG-9 gave interm ediate 
levels of m ethylat ion (37-48% ) .  CpGs-4, CpG-5, CpG-7 and CpG-8 were the 
m ost  highly m ethylated (59-71% ) .  At  all nine CpGs there was an increase in 
DNA m ethylat ion levels relat ive to the WT.  DNA m ethylat ion levels at  m ost  CpGs 
increased by 14-29%  but  at  CpG-6 and CpG-7 the increase was only 5%  and 8%  
respect ively.  As discussed previously although the observat ion of increased DNA 
m ethylat ion levels at  the lept in prom oter with the inact ivat ion of DNMT3b m ay 
be genuine, gene-specific increases in DNA methylat ion levels in this cell line 
have not  been reported and the lim itat ions of this assay m ay be responsible for 
this observat ion.  I nterest ingly, although DNA m ethylat ion levels did also 
increase on the ant isense st rand, these increases were m arginal (0-8% )  in 
com parison to the sense st rand and at  CpG-6 and CpG-7, where levels only 
increased m arginally on the sense st rand, DNA m ethylat ion levels actually 
decreased by 17%  and 13%  respect ively.  On the sense strand CpG-6 was the 
least  m ethylated whilst  on the ant isense st rand CpG-1, CpG-2, CpG-3 and CpG-6 
gave the lowest  DNA m ethylat ion levels (33-46% ) .  CpG-4, CpG-7, CpG-8 and 
CpG-9 gave interm ediate levels of DNA m ethylat ion (58-66% )  whilst  CpG-5 was 
the m ost  highly m ethylated at  73% . 
I n summ ary, with the except ion of the DKO cell line, the inact ivat ion of the 
individual DNMTs appeared to have a CpG specific effect .  The inact ivat ion of 
DNMT1 resulted in a loss of DNA m ethylat ion at  all CpGs, however, this loss was 
m uch less substant ial on the sense st rand at  CpG-5 which retained m ore 
m ethylat ion in com parison to the other CpGs, an effect  that  was not  observed at  
this CpG on the ant isense st rand.  The inact ivat ion of DNMT3a caused a decrease 
in m ethylat ion at  m ost  CpGs, but  resulted in increases at  CpG-4, CpG-6 and 
CpG-7.  The inact ivat ion of DNMT3b resulted in an increase in DNA m ethylat ion 
at  m ost  CpGs but  CpG-6 and CpG-7 only increased m arginally on the sense 
st rand and on the ant isense st rand m ethylat ion levels actually decreased. 
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Table 3 .1 3  The effect  of DNMT inact ivat ion on DNA methylat ion at  individual CpGs of the lept in prom oter.  The percentage of methylat ion lost  
or gained at  each CpG site was calculated relat ive to the WT cell line. 
 
 
 
CpG 1  2  3  4  5  6  7  8  9  
 Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss 
1 s -15 -15 -21 -18 -21 -8 -33 -28 -45 -53 -39 -18 -46 -43 -48 -50 -53 -53 
3 a ( - / - )  -5 -13 -9 -8 0 + 3 + 3 + 10 -12 -10 + 19 + 18 + 5 + 13 -11 -15 -18 -28 
3 b ( - / - )  + 7 + 20 + 7 + 30 0 + 30 + 2 + 30 + 8 -5 -17 -5 -13 -23 + 2 + 18 + 2 + 20 
DKO -23 -28 -30 -23 -29 -18 -53 -45 -61 -60 -54 -25 -67 -68 -59 -55 -59 -60 
 
 
CpG 1  2  3  4  5  6  7  8  9  
 Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss Pyro Hp- bss 
1 s -15 -15 -16 -10 -15 0 -27 -45 -7 -43 -17 -13 -39 -55 -41 -48 -24 -38 
3 a ( - / - )  -3 -8 -8 + 3 -5 + 5 + 10 0 -7 -23 + 29 + 15 + 20 + 3 -1 -5 -2 -33 
3 b ( - / - )  + 29 + 20 + 24 + 45 + 15 + 8 + 29 + 18 + 25 + 15 + 5 + 3 + 8 -28 + 23 + 33 + 14 + 25 
DKO -17 -18 -21 -18 -20 -5 -32 -48 -41 -70 -21 -13 -48 -73 -46 -50 -33 -60 
Sense 
Ant isense 
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3 .3 .2 .3 .4  The effect  of DNMT knockout on methylat ion density in 
individual epialle les 
Pyrosequencing gives valuable inform at ion on the m ethylat ion of levels of 
individual CpGs in a given populat ion of cells or DNA m olecules but  does not  
allow for the examinat ion of the DNA methylat ion levels between CpGs in 
individual DNA m olecules, known as epialleles.  As DNA m ethylat ion is frequent ly 
associated with gene silencing and as general ideas of the DNMTs assum es that  
they are processive, it  m ight  be expected that  the m ajor it y of epialleles would be 
either hyperm ethylated or hypomethylated rather than having an interm ediate 
m ethylat ion density.  Here, Hp-bss was used to invest igate the DNA m ethylat ion 
density in 40 epialleles from  each cell line, sim ultaneously account ing for both 
the sense st rand and ant isense strand (Figure 3.7) . 
Each epiallele within the DKO cell line was completely hypom ethylated with the 
except ion of one epiallele which was m ethylated on the ant isense st rand at  CpG-
6 (Figure 3.7) .  I n the rem aining cell lines, epialleles displayed considerable 
variat ion in m ethylat ion densit y.  This did not  appear to be a consequence of 
DNMT inact ivat ion as this was also apparent  in the WT cell line where, although 
two epialleles were ent irely unm ethylated, m ost  epialleles were m ethylated and 
showed large variat ion in m ethylat ion densit ies with the spect rum  ranging from  
5%  (1/ 18)  to 77%  (14/ 18) . 
Considerably m ore unm ethylated epialleles were present  in the DNMT1s m ESCs 
with 13 epialleles being ent irely unm ethylated.  The 27 epialleles that  were 
m ethylated also showed variat ion in m ethylat ion densit y, ranging from  5%  
(1/ 18)  to 50%  (9/ 18) , although in com parison to the WT cell line the range of 
m ethylat ion densit ies was not  as wide. 
The DNMT3a( - / - ) epialleles had the same characterist ics as the WT cell line with 
regards to methylat ion densit y.  Two epialleles were also ent irely unmethylated 
and the spect rum  of m ethylat ion densit ies in the rem ainder ranged from  5%  
(1/ 18)  to 77%  (14/ 18) .   
There were no ent irely unm ethylated DNMT3b( - / - )  epialleles and the spect rum of 
m ethylat ion densit ies in this cell line was much wider than the others, ranging 
from  5%  (1/ 18)  to 100%  (18/ 18) . 
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3 .3 .2 .3 .5  The effect of DNMT knockout  on the m ethylat ion status of CpG 
dyads 
DNMT1 is generally regarded as the m aintenance m ethylt ransferases, faithfully 
replicat ing the cytosine m ethylat ion (5-m C)  pat tern of CpG dyads between the 
parent  st rand and the newly synthesised daughter st rand during DNA replicat ion 
(Okano et  al, 1998) .  This has led to the assum pt ion by m any that  sym m et rical 
CpGs forming a CpG dyad exhibit  a com plem entary methylat ion status, e.g. they 
are either both m ethylated or both unmethylated, but  there has been an 
accum ulat ion of data that  quest ions this simplist ic view (Sect ion 1.2.3.1) .  The 
m ajor ity of techniques are not  able to assess DNA m ethylat ion pat terns on both 
the sense and the ant isense st rand of an individual DNA m olecule and therefore 
m any studies have been unable to determine the com plem entary m ethylat ion 
status of CpG dyads.  Here, Hp-bss data was used to invest igate the effect  of 
DNMT knockout  on DNA m ethylat ion pat terns at  CpG dyads.   
First ly, the percentage of unm ethylated, hemi-m ethylated and m ethylated CpG 
dyads within the 40 epialleles obtained for each cell line was calculated (Table 
3.14) .  I n the WT cell line CpG dyads were predom inant ly unm ethylated or 
m ethylated but , even with the presence of DNMT1, 20%  of CpG dyads were 
hemi-methylated.  The inact ivat ion of DNMT1 did lead to an overall increase of 
unm ethylated CpG dyads but  the num ber of hemi-m ethylated CpG dyads 
rem ained similar to that  observed in the WT cell line.  The inact ivat ion of 
DNMT3a did not  have a drast ic effect  on the m ethylat ion status of CpG dyads 
within the populat ion but  the inact ivat ion of DNMT3b led to an increase in 
m ethylated dyads which coincided with a decrease in unm ethylated and hemi-
m ethylated dyads.  Although the DKO cell line was hypomethylated and the 
m ajor ity of CpG dyads were therefore unm ethylated, there was one hemi-
m ethylated CpG dyad within the analysed epialleles.      
Table 3 .1 4  The percentage of unm ethylated, hem i- m ethylated and methylated 
CpG dyads w ithin each cell line 
 
 
 
 
 
Cell line % u % h % m 
W T 49 20 31 
1 s 82 16 2 
3 a ( - / - )  57 12 31 
3 b ( - / - )  36 15 49 
DKO 99.7 0.3 0 
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Hemi-methylated epialleles, where m ethylat ion is present  on one st rand but  not  
on the opposing st rand, were observed in every cell line even in the presence of 
DNMT1.  The st rand which held the m ethylated CpG within each hem i-
m ethylated epiallele was considered (Table 3.15) .  The num ber of hem i-
m ethylated epialleles was indeed highest  in the DNMT1s cell line and the locat ion 
of the methylated CpGs appeared to be equal am ongst  the sense and ant isense 
st rand (Table 3.15) .  There did not  appear to be an obvious st rand bias with the 
hemi-methylated epialleles observed in the other cell lines, although in the 
DNMT3b( - / - ) and DKO m ESCs the few hem i-m ethylated epialleles observed held 
their m ethylated CpGs on the ant isense st rand (Table 3.15) . 
Table 3 .1 5  The strand locat ion of the m ethylated CpG in hem i- m ethylated 
epialleles 
Cell line Sense strand Ant isense strand 
W T 2 3 
1 s 9 8 
3 a ( - / - )  2 2 
3 b ( - / - )  0 2 
DKO 1 0 
 
Within each cell line, the m ajor it y of hemi-m ethylated epialleles exhibited a low 
level of methylat ion densit y (Figure 3.10) .  There did not  appear to be a obvious 
bias towards the CpGs that  were m ethylated although within the WT, DNMT1s 
and DNMT3a( - / - ) cell lines several hemi-methylated epialleles were m ethylated at  
CpG-7 only. 
 
 
 
 
 
 
 
W T 1 s 3 b ( - / - )  DKO 3 a ( - / - )  
1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  
Figure 3 .1 0  The CpG locat ion of the methylated CpG in hemi- m ethylated 
epialleles. 
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The result s just  described refer to hemi-methylated epialleles where DNA 
m ethylat ion is present  on only one st rand of an epiallele.  There were also 
epialleles in each cell line which exhibited DNA m ethylat ion on both st rands but  
possessed individual CpG dyads that  were hemi-m ethylated.  
This was apparent  in the WT cell line where 10-27%  of epialleles were hemi-
m ethylated at  individual CpG sites (Table 3.16).  The site exhibit ing the highest  
level of hemi-methylat ion in this cell line was CpG-5, although there did not  
appear to be a bias towards which st rand possessed the m ethylated CpG (Table 
3.17) .  At  som e CpGs there did appear to be a st rand bias, for exam ple, at  CpG-
1 20%  of epialleles were hem i-m ethylated and whilst  seven were m ethylated on 
the ant isense st rand, only one epiallele was m ethylated on the sense strand 
(Table 3.17) .      
The inact ivat ion of DNMT1 resulted in decreases in the num ber of hemi-
m ethylated CpG dyads at  each site.  This correlated with an increase in the 
num ber of unm ethylated CpG dyads and is therefore m ost  likely a consequence 
of the lack of m aintenance m ethylat ion between CpG dyads and a loss of 
m ethylat ion in the sam ple.  At  som e sites levels of hem i-m ethylat ion were 
com parable to that  observed in the WT but  at  these sites the WT had a higher 
proport ion of methylated CpG dyads whilst  the DNMT1s cells had a higher 
proport ion of unm ethylated CpG dyads.  This again m ay be a consequence of the 
lack of m aintenance m ethylat ion between CpG dyads and a loss of m ethylat ion 
in the sam ple.  The com parable levels of hemi-m ethylated CpG dyads at  these 
sites between the WT and DNMT1s cell line m ay also indicate de novo 
m ethylat ion at  these CpG sites.   
There were also several sites within the DNMT1s cell line which had fully 
m ethylated CpG dyads (Table 3.16) .  This was m ost  pronounced at  CpG-7, 
where four epialleles possessed a methylated CpG dyad.  A st rand specific bias in 
hemi-methylat ion was also observed in this cell line.  At  CpG-4, whilst  in the WT 
cells a similar level of hemi-m ethylat ion was observed between the two st rands, 
four on the sense, three on the ant isense, with the inact ivat ion of DNMT1 all six 
hemi-methylated epialleles possessed the m ethylated CpG on the ant isense 
st rand (Table 3.17) .  This was also apparent  at  CpG-9.  Whilst  in the WT cells 
the sam e level of hemi-m ethylat ion was observed between the two st rands ( two 
on the sense st rand, two on the ant isense strand)  with the inact ivat ion of DNMT1 
seven of the m ethylated CpGs were now located on the sense st rand whilst  only 
one was located on the ant isense st rand (Table 3.17) . 
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With the inact ivat ion of DNMT3a levels of hem i-m ethylat ion were slight ly lower 
or rem ained sim ilar t o that  observed in the WT at  m ost  CpGs and this generally 
correlated with an increase in unm ethylated CpG dyads.  At  CpG-5, although 
there was a decrease in hem i-m ethylated dyads and this correlated with an 
increase in unm ethylated dyads, the num ber of m ethylated dyads (43.5% ) 
rem ained similar to that  observed in the WT (50% ) .  At  CpG-6 the num ber of 
hemi-methylated CpG dyads rem ained similar to that  seen in the WT cell line, 
however, rather than correlat ing with an increase in unm ethylated dyads the 
num ber of these decreased while the proport ion of m ethylated dyads increased 
from  the 7.5%  seen in the WT cells to the 25%  seen in the DNMT3a( - / - ) cells.  At  
CpG-7 whilst  the num ber of hemi-m ethylated dyads decreased, there was also a 
decrease in the num ber of unm ethylated dyads but  an increase in the num ber of 
m ethylated dyads from  57.5%  to 70% .    
The inact ivat ion of DNMT3b led to increased DNA m ethylat ion levels and this 
generally correlated with an increased num ber of m ethylated CpG dyads at  each 
site analysed.  There were except ions to this however.  Most  notable was the 
change at  CpG-3.  At  this CpG site 40%  of epialleles were hem i-m ethylated in 
the DNMT3b( - / - ) m ESCs which was over double the am ount  observed in the WT 
cell line.  Taking into account  that  the CGR8 (WT)  m ESCs are not  the or iginal 
wild t ype, the level of hemi-methylat ion observed at  CpG-3 in the DNMT3b ( - / - )  
m ESCs was st ill double of that  observed in the DNMT3a( - / - ) m ESCs.  This 
correlated with an increase in the num ber of methylated CpG dyads rather than 
an increase in unm ethylated CpG dyads.  Interest ingly, when analysing the 
specific st rand on which the m ethylated CpG was located, one was located on 
the sense st rand whilst  16 were located on the ant isense st rand.  At  CpG-7 there 
was a decrease in the num ber of m ethylated dyads which correlated with a 
decrease in the num ber of hemi-m ethylated dyads and an increase in the 
num ber of unm ethylated dyads.  This was not  observed at  other sites but  several 
sites had dram at ic increases in the num ber of m ethylated CpG dyads.  At  m ost  
sites there was a 1.4-3.6 fold increase in the num ber of methylated dyads but  at  
certain CpGs this increase was m ore pronounced.  CpG-2 resulted in a 6.6 fold 
increase in hem i-m ethylated dyads and CpG-3 resulted in a four- fold increase. 
The DKO cell line exhibited hypom ethylat ion with the except ion of one epiallele 
that  was m ethylated on the ant isense st rand at  CpG-6.  This m ay indicate a de 
novo funct ion for DNMT1 at  the lept in prom oter whilst  it  is unable to m aintain 
m ethylat ion in the absence of both DNMT3a and DNMT3b. 
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Table 3 .1 6  The percentage of Unm ethylated, hem i- m ethylated and methylated CpG dyads at  each CpG site 
 
 
 
 
 
CpG 1  2  3  4  5  6  7  8  9  
 u  h  m  u h m  u h M  u h m  u h m  u h m  u h m  u h m  u h m  
W T 6 7 .5  2 0  1 3 .5  6 7 .5  2 5  7 .5  8 0  1 7 .5  3 .5  4 5  1 7 .5  3 7 .5  2 3 .5  2 7 .5  5 0  6 7 .5  2 5  7 .5  1 7 .5  2 5  5 7 .5  4 0  1 5  4 5  3 5  1 0  5 5  
1 s 8 5  1 5  0  8 7 .5  1 3 .5  0  8 7 .5  1 0  3 .5  8 3 .5  1 5  3 .5  6 7 .5  3 0  3 .5  9 0  1 0  0  6 7 .5  2 3 .5  1 0  9 3 .5  7 .5  0  7 5  2 0  5  
3 a ( - / - )  8 3 .5  1 0  7 .5  8 0  5  1 5  7 5  2 0  5  4 3 .5  1 3 .5  4 5  4 5  1 3 .5  4 3 .5  5 3 .5  2 3 .5  2 5  1 5  1 5  7 0  5 3 .5  1 0  3 7 .5  6 7 .5  5  2 7 .5  
3 b ( - / - )  4 7 .5  2 0  3 3 .5  3 5  1 5  5 0  5 0  4 0  1 0  2 5  1 0  6 5  7 .5  1 5  7 7 .5  7 7 .5  7 .5  1 5  5 3 .5  5  4 3 .5  1 5  1 5  7 0  1 3 .5  1 0  7 7 .5  
DKO 1 0 0  0  0  1 0 0  0  0  1 0 0  0  0  1 0 0  0  0  1 0 0  0  0  9 7 .5  3 .5  0  1 0 0  0  0  1 0 0  0  0  1 0 0  0  0  
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Table 3 .1 7  The locat ion of methylated CpGs w ithin hemi- m ethylated CpG dyads 
CpG 1  2  3  4  5  6  7  8  9  
 Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
Sense Ant i 
sense 
W T 1  7  4  6  1  6  4  3  7  4  2  8  7  3  2  4  2  2  
1 s 1  5  3  2  1  3  0  6  1 1  1  0  4  3  6  1  2  7  1  
3 a ( - / - )  1  3  2  0  2  6  1  4  2  3  1  8  2  4  3  2  0  2  
3 b ( - / - )  2  6  5  1  1  1 6  0  4  3  3  0  3  1  1  5  1  3  1  
DKO 0  0  0  0  0  0  0  0  0  0  0  1  0  0  0  0  0  0  
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3 .3 .3  DNA m ethylat ion in DNMT3 b m utant  m ouse t issues 
The DNMT3b( - / - ) m ESCs exhibited the highest  overall levels of DNA m ethylat ion 
between the five cell lines analysed and, with the except ion of two CpGs, 
produced increases in DNA m ethylat ion levels at  each CpG relat ive to the WT cell 
line.  I t  could be argued that  these observat ions m ight  be a consequence of the 
different  wild t ype cell line used, although they are isogenic.  Alternat ively, 
increased methylat ion could be a result  of the different  num ber of passages 
experienced by the different  cell lines (Antequera & Bird, 1993) .   
To further assess the observat ion that  DNMT3b inact ivat ion leads to 
hyperm ethylat ion of the lept in prom oter without  the use of a cell line, DNA 
m ethylat ion levels were analysed by pyrosequencing in DNMT3b mutant  t issues.  
The acquirem ent  of DNMT3b( - / - ) m ouse t issues was not  possible because the 
DNMT3b null allele results in em bryonic lethalit y.  I nstead adipose and liver 
t issues from  m ouse m odels of hum an I CF syndrom e were obtained (Velasco et  
al, 2010) .  These m ice (m EX3/ mEX24)  have a m issense mutat ion in the catalyt ic 
dom ain (mutat ion D823G in exon 24) which result s in a part ial loss of DNMT3b 
funct ion and a single base insert ion shift ing the reading fram e  and int roducing a 
prem ature terminat ion signal in the N-term inal region (T insert ion in exon 3) .  
This result s in hypom orphic mutants with a part ial loss of DNMT3b funct ion 
whilst  expression levels of the other DNMTs remains unaffected.   
Although perirenal adipose t issue, interscapular brown adipose t issue, flank and 
perigonadal adipose t issue from  these m ice were obtained the appropriate 
cont rols for these sam ples could not  be sourced and although they were 
pyrosequenced the data could not  be analysed or interpreted accordingly (data 
not  shown) .  Liver t issues from  one wild type newborn m ouse and two DNMT3b 
m utant  newborn mice were analysed (Figure 3.11) . 
On the sense stand great  var iat ion was seen between the two mutant  em bryos 
at  m ost  CpGs, however, CpG-3, CpG-4 and CpG-5 exhibited com parable levels of 
DNA m ethylat ion with differences of no m ore than 7%  between the two sam ples.  
At  these sites DNA m ethylat ion levels were higher in the mutant  t issues when 
com pared with the wild t ype t issues, with increases of between 16%  and 39%  in 
both m utant  sam ples (Table 3.18) . 
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Table 3 .1 8  I ncreases and decreases in DNA m ethylat ion levels at  the sense 
strand of the leptin prom oter in DNMT3 b m utant t issues relat ive to w ild type 
Tissue CpG 1  
CpG 
2  
CpG 
3  
CpG 
4  
CpG 
5  
CpG 
6  
CpG 
7  
CpG 
8  
CpG 
9   
DNMT3b 
m utant  1  -36 -39 + 39 + 23 + 16 -80 -79 -76 -64  
DNMT3b 
m utant  2  + 41 + 28 + 29 + 20 + 21 -15 -4 -11 -6  
 
 
On the ant isense strand these sites gave m ore m odest  changes in DNA 
m ethylat ion which varied between the two sam ples (Table 3.19) . 
 
Table 3 .1 9  I ncreases and decreases in DNA m ethylat ion levels at  the ant isense 
strand of the leptin prom oter in DNMT3 b m utant t issues relat ive to w ild type 
Tissue CpG 1  
CpG 
2  
CpG 
3  
CpG 
4  
CpG 
5  
CpG 
6  
CpG 
7  
CpG 
8  
CpG 
9   
DNMT3b 
m utant  1  + 43 + 26 + 14 -15 + 3 -2 + 19 + 28 + 18  
DNMT3b 
m utant  2  + 14 -4 -3 -7 + 4 + 8 0 + 10 -13  
 
Although this is prelim inary data and obviously should be assessed in t issues of 
m ore anim als and different  t issue types, this data does bear sim ilarit ies to the 
effect  observed with the inact ivat ion of DNMT3b in m ESCs.  In these cells 
increases in DNA m ethylat ion were observed on the sense st rand whilst  on the 
Figure 3 .1 1  DNA m ethylat ion levels at  the lept in prom oter  in DNMT3b mutant 
livers.   Pyrosequencing was used to determ ine DNA m ethylat ion levels in DNMT3b 
m utant  liver t issues at nine CpGs on both the sense and ant isense st rand of the lept in 
promoter.    
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ant isense st rand m ore m odest  changes in DNA m ethylat ion occurred.  This 
provides evidence to suggest  that  the observat ions m ade at  the lept in prom oter 
with the inact ivat ion of DNMT3b are not  likely to be just  an effect  of using a 
different  wild t ype cell line or a consequence of using different  passages of cells. 
3 .3 .4  Rt -PCRs for  Lept in, t ranscript ion factors and DNMT3 L 
DNA m ethylat ion at  prom oters is generally associated with gene silencing.  rt -
PCRs were perform ed to assess lept in m RNA expression (Figure 3.12) .  The WT, 
DNMT1s and DNMT3a( - / - )  expressed lept in m RNA but  the DNMT3b( - / - ) and DKO cell 
lines did not .  This data was not  quant ified but  the intensit y of the bands 
suggests that  the DNMT1S cell line m ay not  express lept in m RNA at  the sam e 
level as the WT cell line, whilst  the intensit y of the band produced for the 
DNMT3a( - / - ) cell line is of a sim ilar intensit y to that  of the WT.   
As the inact ivat ion of the DNMT enzym es has genom e-wide effects, it  m ay not  
be the change in DNA m ethylat ion levels at  the lept in prom oter that  affects 
lept in t ranscript  levels.  For instance, a change in DNA m ethylat ion at  a gene 
encoding t ranscript ion factors that  regulate lept in gene t ranscript ion could be 
affected.  To account  for this, r t -PCRs were also perform ed for m RNAs encoding 
Sp1 and C/ EBPĮ, two t ranscript ion factors which are associated with 
t ranscript ion of the lept in gene.  Thus, overall no dram at ic change in expression 
levels of lept in- regulat ing t ranscript ion factors occurred.  All cell lines expressed 
both genes and again, although the data was not  quant ified, for Sp1 there were 
no adverse differences in band intensity between the cell lines (Figure 3.12) .  
This was also apparent  for C/ EBPĮ, with the except ion of the DNMT3b ( - / - ) cell 
line, which appeared to produce a band of lower intensit y than the other cell 
lines. 
r t -PCRs was also perform ed for DNMT3l, the non-catalyt ic m ember of the DNMT 
fam ily which has been reported to enhance DNMT funct ion.  Inact ivat ion of this 
enzym e has been reported to have a similar effect  of global hypom ethylat ion as 
observed with the inact ivat ion of DNMT1 (Arand et  al, 2012) .  Again, as the 
inact ivat ion of the DNMTs has a global effect , this was perform ed to confirm that  
DNMT3L had not  undergone an adverse change in expression levels.  All cell 
lines expressed DNMT3L and, although the data was not  quant ified, the intensity 
of the bands was sim ilar between the cell lines.  GAPDH housekeeping gene 
expression analysis also produced sim ilar intensit y bands between all cell lines.    
 
  
102 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 .3 .5  The detect ion of hydroxym ethylat ion 
During the course of the work described in this chapter the re-discovery of 
cytosine hydroxym ethylat ion (5-hm C)  in m amm alian DNA (Kriaucionis & Heintz, 
2009)  and the finding that  the TET enzym es can oxidise 5-m C to 5-hm C 
(Tahiliani et  al, 2009)  were m ade.  Concurrent ly it  was found that  5-hm C is 
present  in m ESCs (Xu et  al, 2011)  and for this reason the cell lines were 
analysed for the presence of 5-hm C at  the lept in prom oter.   
First ly, r t -PCRs were perform ed to determine that  m RNAs encoding the TET1 and 
TET2 m em bers of the TET family were present  in all cell lines (Figure 3.13) .  This 
data was not  quant ified.  However, no obvious differences in band intensit y were 
observed between the sam ples in the TET1 assay whilst  the band intensit y for 
Figure 3 .12  m RNA expression analysis of  mESCs.  a)  m ESCs were analysed for 
Lept in, Sp1, C/ EBPĮ and DNMT3L m RNA expression by rt -PCR. b)  RNA quality was 
validated using the Agilent  Bioanalyser. 
a)  
b)  
 
W T 1 s 3 b ( - / - )  DKO  3 a ( - / - )  
W T 1 s 3 a ( - / - )  3 b ( - / - )  DKO  
 
X 3 8  
cycles 
X 3 0  
cycles  
X 3 0  
cycles  
X 3 0  
cycles 
X 3 0  
cycles  
Lept in  
Sp1  
 C/ EBPĮ 
DNMT3 L 
GAPDH  
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TET2 appeared to be lower in the DNMT3b( - / - ) and DKO cell lines indicat ing the 
possibility of a difference in expression levels.   
r t -PCRs were also at tem pted for m RNAs encoding TET3, however, no expression 
was observed in any of these cell lines and a posit ive cont rol could not  be 
obtained so it  was not  clear if t he rt -PCR was not  fully opt im ised or if TET3 
m RNA was not  expressed but  it  has been reported that  TET3 is not  expressed in 
em bryonic stem cells ( I to et  al, 2010) . 
 
 
 
 
 
 
 
At  the t ime that  the work for this chapter was perform ed, there were few 
techniques available for gene-specific detect ion of 5-hm C.  The NEB Epim ark kit  
was sourced and used to determine the presence of 5-hm C at  CpG four of the 
lept in prom oter (Sect ion 3.3.9) .  5-hm C was detected in the WT cell line and the 
DNMT3a( - / - ) m ESCs but  not  in the rem aining cell lines (Figure 3.14) .   
 
 
 
 
 
 
 
 
Figure 3 .1 3   r t - PCR for  TET1  and TET2  mRNA expression in m ESCs 
W T 
 
1 s 3 a ( - / - )  3 b ( - / - )  DKO 
X 3 0   
cycles 
X 3 0   
cycles 
X 3 0   
cycles GAPDH  
TET1  
TET2  
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3 .4  Discussion 
3 .4 .1  Lim itat ions of these experim ents 
Prior to discussing these result s the lim itat ions of these experim ents must  be 
considered.  First ly, the or iginal wild t ype cell line that  was used to generate the 
DNMT m utant  m ESCs could not  be obtained and an alternat ive wild type cell line, 
CGR8 (WT) , was sourced.  These cell lines are derived from  the sam e m ouse 
st rain and are isogenic.  However, there is always the possibilit y that  sm all 
genet ic differences m ay have led to any observat ions when com paring DNA 
m ethylat ion between the wild type and mutant  m ESCs.   
Another lim itat ion is the passage num ber that  the cell lines had experienced.  
Cell lines have been shown to acquire DNA m ethylat ion in culture (Antequera & 
Bird, 1993)  and although the DNMT3a( - / - ), DNMT3b( - / - ) and DKO cell lines were 
used at  equivalent  passages the rem aining cell lines were not .  The discrepancy 
in passage num bers m ay therefore have also led to any differences in 
m ethylat ion observed between these cell lines and the WT and DNMT1s cell lines.   
5 - hm C 5 - m C/  5 - hm C 
C/        
5 - m C/  
5 - hm C 
Control 
no band  
Control 
5 - m C/  
5 - hm C 
Control 
C/        
5 - m C/  
5 - hm C 
+  +  +  -  -  -  T4 - BGT 
-
 
-
 +  -  -  MspI  +  
+  -  -  -  +  -  HpaI
I  
X 3 2  
cycles  
X 3 2  
cycles  
X 3 2  
cycles  
X 3 2  
cycles  
X 3 2  
cycles  
X 3 0  
cycles  
X 3 0  
cycles  
X 3 0  
cycles  
 
Figure 3 .14  5 - hmC detect ion in m ESCs.  The NEB Epimark assay was used to 
detect  cytosine hydroxym ethylat ion (5-hmC) at  CpG four of the lept in prom oter.   
W T 
1 s 
3 a ( - / - )  
3 b ( - / - )  
DKO  
5 - hm C 
control  
5 - m C 
control  
Cytosine 
control  
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Another factor to consider is the presence of different iated cells within the 
sam ple populat ions.  AP staining was perform ed on all cell lines to test  for 
pluripotency and cells were only used in downstream  react ions if at  least  90%  of 
colonies rem ained undifferent iated.  DNMT1s cells have a severely reduced 
different iat ion abilit y and hypom ethylated DKO cells are unable to different iate 
(Jackson et  al, 2004)  but  any different iated cells within the other cell lines, even 
if t his was no m ore than 10% , m ay have affected downst ream analysis.  
Results will now be discussed taking into account  these lim itat ions. 
3 .4 .2  DNMT1  cannot  maintain m ethylat ion in the absence of both 
DNMT3 a and DNMT3 b 
DNMT1 is widely regarded as the m aintenance m ethylt ransferase, replicat ing 
DNA m ethylat ion pat terns between CpG dyads semi-conservat ively during DNA 
replicat ion (Gowher & Jeltsch, 2001;  Okano et  al, 1998) .  DNMT knockout  
m ESCs were used to invest igate the role of the individual DNMT enzymes in the 
observed m ethylat ion pat tern at  the lept in prom oter and the work presented in 
this chapter provides evidence to show that  the act iv it y of DNMT1 is not  as 
sim ple as this.  
DNMT3a and DNMT3b are known as the de novo DNMTs, establishing 
m ethylat ion pat terns during early developm ent  which are then m aintained by 
DNMT1 (Gowher & Jelt sch, 2001;  Okano et al, 1998) .  Taking this m odel into 
account , it  would be expected that  the simultaneous inact ivat ion of DNMT3a and 
DNMT3b would not  lead to a drast ic effect  in DNA m ethylat ion levels, as DNMT1 
would st ill be present  to m aintain m ethylat ion pat terns that  had already been 
established by them .  DNMT1 appears in fact  unable to m aintain DNA 
m ethylat ion at  the lept in prom oter in the absence of both DNMT3a and DNMT3b 
as evidenced by the simultaneous knockout  of DNMT3a and DNMT3b which led 
to com plete hypom ethylat ion of the lept in promoter, even though DNMT1 protein 
was st ill present .  This is concurrent  with data derived from  this DKO cell line in 
both a gene specific (Arand et  al, 2012) , and genom e wide context  (Jackson et  
al, 2004) .  These DKO cells progressively lose DNA m ethylat ion with increasing 
passages (Jackson et  al, 2004) .  The inact ivat ion of DNMTs does not  specifically 
target  the lept in prom oter but  has a global effect .  I t  is therefore possible that  a 
change in a factor which enhances DNMT act ivit y has cont ributed to this effect .  
DNMT3L is one such cofactor which st im ulates DNMT3a and DNMT3b act iv it y and 
is required for the de novo methylat ion of imprinted pat terns (Bourc'his et  al, 
2001;  Holz-Schiet inger & Reich, 2010) .  To confirm  that  DNMT inact ivat ion had 
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not  induced adverse effects on DNMT3L expression levels, which could in turn 
affect  DNA m ethylat ion levels, rt -PCRs for m RNAs encoding DNMT3L were 
perform ed.  DNMT3L was expressed in all cell lines and it  is therefore unlikely 
that  down- regulated DNMT3L expression was responsible for this 
hypom ethylat ion.   
The general hypothesis on DNMT1 act iv it y suggests that  this enzym e alone 
m aintains DNA m ethylat ion.  I t  has been suggested that  it  is doubt ful that  a 
m ethylat ion pat tern established during developm ent  could be m aintained by a 
copying mechanism  through DNMT1 alone (Jones & Liang, 2009) .  The global 
m aintenance m ethylat ion efficiency of DNMT1 in the DKO cell line was calculated 
to be between 97.7%  and 98.7%  (Jackson et  al, 2004)  whilst  a previous 
calculat ion at  a specific sequence led to a higher m aintenance efficiency 
est im at ion of 99.9%  (Pfeifer et  al, 1990) .  A m ore recent  calculat ion of the 
m aintenance efficiency of DNMT1 in m ESCs resulted in the finding that  it  is 
dependent  on the specific sequence being analysed ranging from 80%  to 95%  
(Arand et  al, 2012) . 
Whether the m aintenance efficiency of DNMT1 at  the lept in prom oter is the sam e 
as the global level or is specific to the region, it  is clear that  DNMT1 is unable to 
m aintain DNA m ethylat ion in this region in the absence of both DNMT3a and 
DNMT3b in mESCs.  
3 .4 .3  Hem i- m ethylat ion is present  at the lept in promoter even in the 
presence of DNMT1  
As DNMT1 is comm only regarded as the m aintenance DNMT, stably t ransferr ing 
DNA m ethylat ion pat terns semi-conservat ively, it  would be expected that  the 
com plem entary cytosines of CpG dyads within a st retch of DNA would have the 
sam e methylat ion status and that  hemi-m ethylated CpG dyads should rarely 
occur.  Landm ark experiments by Bird have indeed shown that  there are few 
hemi-methylated sites in the genom e (Bird, 1978b) .  More recent  analyses, 
which have allowed for the single base resolut ion of m ethylat ion sym m et ry at  
individual CpG dyads, have revealed varying degrees of hem i-m ethylat ion 
between cell types and the elem ent  under interrogat ion.  I n m ESCs, levels of 
hemi-methylat ion have been found to be variable between repet it ive elements 
(Arand et  al, 2012) .    
Of the 360 CpG dyads analysed, 2%  were fully m ethylated in the DNMT1s cell 
line.  DNMT3a and DNMT3b have been found to exhibit  significant  m aintenance 
m ethylat ion act ivit y as well as de novo m ethylat ion act iv it y in mESCs and other 
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cell types (Arand et  al, 2012) .  DNMT3a and DNMT3b methylate independent ly of 
the m ethylat ion status of CpG dyads (Gowher & Jeltsch, 2001;  Okano et  al, 
1998) .  Studies have shown that  DNMT3a and DNMT3b can st rongly bind to 
nucleosom es containing m ethylated DNA (Jeong et  al, 2009)  (Sharm a et  al, 
2011)  and it  has been suggested that  this property could allow them  to de novo 
m ethylate hem i-m ethylated CpG dyads to m aintain full m ethylat ion status in the 
absence of DNMT1 (Arand et  al, 2012) .  The sim ultaneous knockout  of DNMT3a 
and DNMT3b result s in 30%  of CpG sites in m ouse repeats being hem i-
m ethylated (Liang et  al, 2002) . This inform at ion com bined with the observat ion 
of decreasing levels of m ethylat ion, with increasing passages in DKO cells 
suggests that  ongoing m ethylat ion by these “de novo”  enzym es is required in 
m ESCs to m aintain DNA m ethylat ion at  the lept in prom oter.   
The DNMT1s cell line is hypom orphic and full DNMT1 inact ivat ion cannot  be 
guaranteed even though DNMT1 protein cannot  be detected (Li et  al, 1992) .  
Therefore, another possibilit y for the presence of fully m ethylated CpG dyads in 
this cell line could be at t r ibuted to low levels of DNMT1 act iv it y.  DNMT1 is 
hypothesised to t ransfer m ethylat ion pat terns between CpG dyads semi-
conservat ively during DNA replicat ion.  I t  would therefore be expected that  the 
inact ivat ion of DNMT1 in a som at ic state would lead to epialleles that  are hem i-
m ethylated, exhibit ing DNA m ethylat ion on one st rand of the DNA m olecule but  
not  on the opposing st rand with the populat ion of epialleles eventually becom ing 
dem ethylated.  I n these mESCs a slight ly different  outcom e m ight  be expected 
owing to the cont inual presence of DNMT3a and DNMT3b, which are thought  to 
be responsible for init iat ing m ethylat ion pat terns.  Under these circum stances, 
epialleles m ight  be expected to becom e hemi-m ethylated and rem ain hem i-
m ethylated rather than becoming unm ethylated.  This is because although 
DNMT1 is not  present  to m aintain m ethylat ion, DNMT3a and DNMT3b would st ill 
be perform ing de novo m ethylat ion.  There were in fact  10/ 40 epialleles with 
m ethylat ion on both st rands within the DNMT1s cell line. The presence of 
m ethylat ion on both st rands could also be at t r ibuted to low levels of DNMT1 
act iv it y.  I f, however, DNMT1 faithfully copies m ethylat ion pat terns at  all CpG 
dyads, then the presence of DNMT1 cannot  account  for this observat ion, because 
not  one of these epialleles had a com pletely com plementary DNA m ethylat ion 
pat terns between individual st rands.  This might  be due to select ive de novo 
m ethylat ion of CpG sites by DNMT3a and DNMT3b.  However, although these 
epialleles did not  have a com pletely complementary m ethylat ion status there 
were som e with fully m ethylated CpG dyads at  certain CpG sites.  This, as 
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discussed earlier, could be a consequence of m aintenance methylat ion by 
DNMT3a and DNMT3b. 
A high num ber of hem i-m ethylated epialleles (17/ 40) , where DNA m ethylat ion 
was present  on one st rand but  not  on the opposing st rand, were observed in the 
DNMT1s cell line and there did not  appear to be a bias as to which st rand held 
the methylat ion.  This is concurrent  with the idea that  DNMT1 was unavailable to 
t ransfer m ethylat ion pat terns semi-conservat ively to the opposing st rand.  There 
were however also 13/ 40 unm ethylated epialleles within the DNMT1s cell line.  As 
previously discussed, in a som at ic t issue DNMT3a and DNMT3b are down-
regulated and therefore DNMT1 is the predom inant  DNMT available to m aintain 
m ethylat ion pat terns but  in mESCs DNMT3a and DNMT3b are st ill highly 
expressed.  Their  presence does not  appear to have led to a cont inual 
establishm ent  of DNA m ethylat ion pat terns.   
Hemi-methylated epialleles were also observed in all other cell lines, where 
DNMT1 was expressed.  They were not  in as high abundance as in the DNMT1s 
cell line, but  they were st ill present .  Although the num ber of these hem i-
m ethylated epialleles was low in each cell line, there were also a num ber of 
hemi-methylated CpG dyads.  This is concurrent  with observat ions at  the lept in 
prom oter in adipose t issues and peripheral blood leukocytes (Fu et  al, 2012) .  
Most  notable was the effect  of DNMT3b inact ivat ion on CpG-3.  At  CpG-3 not  
only did this cause the num ber of hem i-m ethylated epialleles at  this site to 
increase to double that  seen in the DNMT3a( - / - ) cell line, but  of these 17 
epialleles, 16 were m ethylated on the ant isense st rand.  The site CGCTC has 
been shown to term inate the processive methylat ion of hemi-m ethylated DNA by 
DNMT1 (Goyal et al, 2006) .  CpG-3 falls just  after this sequence.  This provides 
evidence to suggest  that  de novo methylat ion of this CpG occurs on the 
ant isense st rand and that  it s m aintenance m ight  be carr ied out  by DNMT3b 
rather than DNMT1.  With the inact ivat ion of DNMT1 this site was able to retain 
the sam e num ber of fully m ethylated CpG dyads as observed in the WT cell line.  
Sim ilar ly the inact ivat ion of DNMT1 resulted in 30%  of hemi-methylated CpG 
dyads at  CpG-5, located within a C/ EBPĮ t ranscript ion factor binding site.  
Although this was a sim ilar num ber to that  observed in the WT, of these 12 CpG 
dyads 11 were methylated on the sense st rand whereas in the WT cell line there 
did not  appear to be a bias as to which st rand was m ethylated.  This observat ion 
suggests that  DNMT3a or DNMT3b de novo methylate this site specifically on the 
sense st rand.    
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3 .4 .4  The presence of 5 - hm C m ay account  for  hem i- m ethylat ion 
Hemi-methylated CpGs were observed in all cell lines analysed and their  
presence could be explained by several mechanism s.  These CpGs could be 
select ively de novo m ethylated by the DNMTs or at  som e point  these CpG dyads 
could have been fully m ethylated and have becom e hem i-m ethylated by 
select ive dem ethylat ion.  The enzym es which dem ethylate DNA are not  well 
characterised but  the discovery of 5-hm C m ay have uncovered a pathway for 
dem ethylat ion.  This cytosine m odificat ion has the ability to recruit  or displace 
certain proteins and m ay act  as an interm ediate between 5-m C and cytosine 
during both act ive and passive dem ethylat ion (Globisch et  al, 2010;  Liutkeviciute 
et  al, 2009;  Tahiliani et al, 2009) . 
5-hm C could act  as an interm ediate in an act ive dem ethylat ion pathway which 
ult im ately result s in the replacem ent  of 5-m C with cytosine.  This had been 
suggested to involve DNA repair m echanism s (Guo et  al, 2011)  but  the 
em ergence that  5-hm C can further be oxidised, by the TET proteins, to 5-fC and 
5-caC has uncovered a potent ial enzym at ic pathway for act ive DNA 
dem ethylat ion.  The TET proteins cannot  convert  5-caC to cytosine so another 
enzym e such as a decarboxylase or glycosylase m ay be involved in this step.  
The enzyme could be thym idine-DNA glycosylase (TDG)  deplet ion of which leads 
to the accumulat ion of 5-caC in ESCs (He et  al, 2011) . 
I n rapidly dividing cells such as ESCs, 5-hm C m ay also funct ion as part  of a 
passive demethylat ion pathway (Williams et al, 2012) .  DNMT1 has low 
specificit y for 5-hm C (Valinluck & Sowers, 2007).  While it  is copying m ethylat ion 
pat terns from  the parent  st rand to the daughter st rand during DNA replicat ion, it  
would t reat  5-hm C as if it  were an unm ethylated cytosine;  consequent ly the 
cytosine would rem ain unm ethylated on the daughter st rand (Tahiliani et  al, 
2009) .  Whether 5-hm C does block DNMT1 m ediated m aintenance m ethylat ion is 
yet  to be confirm ed as UHRF1, a factor which enhances DNMT act iv it y, has been 
shown to bind 5-hm C enriched DNA possibly m oderat ing the effect  of 5-hm C 
recognit ion by DNMT1 (Frauer et  al, 2011) .  
Due to technical const raints in the gene specific detect ion of 5-hm C, only CpG-4 
was interrogated for 5-hm C content  and the lim itat ions of the technique must  be 
taken into account  with the interpretat ion of the data.  First ly the sensit ivity of 
the assay is unknown, for exam ple, how m any 5-hm c bases are required to 
produce a band for hydroxym ethylat ion?  There m ay be a very sm all num ber of 
epialleles that  are hydroxym ethylated at  CpG-4 but  the assay m ay not  be 
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sensit ive enough to detect  them .  Another lim itat ion is the interrogat ion of only 
one CpG of the lept in prom oter.  Although 5-hmC m ight  not  be detected at  CpG-
4, it  does not  m ean that  other CpGs in the region are not  hydroxym ethylated.  
5-hm C was not  detected in the DKO cell line and this was expected as the cell 
line was hypomethylated.  5-hm C was detected at  CpG-4 in the WT and DNMT3a 
cells only.  I n these cells 17.5%  and 13.5%  of CpG dyads at  this site were hem i-
m ethylated.  I n the WT cell line the rem ainder were predom inant ly 
unm ethylated, correlat ing with demethylat ion whilst  in the DNMT3a( - / - )  cell line 
the rem ainder were approxim ately equal between unm ethylated and methylated.  
5-hm C was not  detected in the DNMT1s or DNMT3b( - / - ) cell line.  With regards to 
the DNMT1s cell line the inact ivat ion of DNMT1 m ay have caused a lack of 5-hm C 
or, as the cell line lost  a significant  am ount  of m ethylat ion, this m ay be due to 
detect ion sensit iv it y issues.  In the DNMT3b ( - / - ) cell line 5-hm C was not  detected 
at  CpG-4 but  10%  of CpGs at  this site were st ill hemi-methylated.  This was 
similar to the WT cell line, however, in the WT cell line this correlated with 
predom inant ly unmethylated CpGs dyads whilst  in the DNMT3b( - / - ) cell line CpG 
dyads were predominant ly fully methylated.  I t  appears that  in the absence of  
DNMT3b CpG-4 has a tendency to becom e fully m ethylated.  DNMT3b m ay be 
im portant  for dem ethylat ion of this site or the protect ion of this site from 
m ethylat ion. 
This overall increase in DNA m ethylat ion observed in the DNMT3b( - / - )  cell line 
m ay be at t ributed to a disrupt ion in this 5-hm C dem ethylat ion pathway as 
caused by the inact ivat ion of DNMT3b.  r t -PCRs were also perform ed for the 
detect ion of TET1 and TET2 m RNAs, enzym es which work together to sustain 
hydroxym ethylat ion in em bryonic stem  cells (Koh et al, 2011) .  TET1 and TET2 
were both expressed in all cell lines.  This data was not  quant if ied but  it  was 
noted that  the DNMT3b ( - / - ) and DKO cell lines produced bands of lower intensit y 
for TET2 than the other cell lines.  This suggests the possibilit y that  the single 
inact ivat ion of DNMT3b and the simultaneous inact ivat ion of DNMT3a and 
DNMT3b, which would have a global effect  on DNA m ethylat ion, have affected 
expression levels of TET2 in these cell lines.  Consequent ly, this m ay have 
resulted in the lack of hydroxymethylat ion. 
I t  has been reported that  sequences in ESCs which are enriched for 5-hm C do 
not  express de novo m ethylat ion act iv it y of DNMT1 (Arand et  al, 2012) .  The 
absence of 5-hm C m ay have act ivated the de novo methylat ion act ivity of 
DNMT1 and therefore caused the observed increase in DNA m ethylat ion levels.  
DNMT3a and DNMT3b have been reported to act  as dehydroxym ethylases in 
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vit ro (Chen et  al, 2012) .  Thus, these enzymes m ay have a funct ion in regulat ing 
hydroxym ethylat ion and in the context  of a dem ethylat ion pathway, thereby 
influence the levels of DNA m ethylat ion at  the lept in prom oter.  The lack of 5-
hm C m ay be a consequence of an inability to hydroxym ethylate the prom oter 
and allow dem ethylat ion.  There m ay be 5-hm C at  the other CpG sites that  could 
not  be analysed.  They m ay require DNMT3b to dehydroxym ethylate and in its 
absence there has been a build up of methylat ion at  these sites.  The funct ioning 
of 5-hm C would have resulted in the presence of 5-caC.  During bisulfit e 
conversion this cytosine m odificat ion acts as an unmethylated cytosine.  A 
technique for invest igat ing 5-caC at  single base resolut ion would help to support  
the theory that  5-hm C m ediated dem ethylat ion is responsible for hemi-
m ethylat ion in these cell lines. 
I t  would also be interest ing to determine the presence of 5-hmc at  CpG-  5 and 
CpG-6 as in the DNMT3b ( - / - ) cells these adjacent  sites experienced opposite 
effects with regards to the m ethylat ion status of CpG dyads.  Whilst  CpG-5 had 
15%  hemi-m ethylated CpG dyads and 77.5%  fully methylated dyads, CpG-6 had 
7.5%  hem i-m ethylated dyads and 77.5%  unm ethylated dyads.  The presence or 
absence of 5-hm C at  these sites would give further clues about  the effects of 
DNMT inact ivat ion of hydroxym ethylat ion and it s role in a dem ethylat ion 
pathway.   
3 .4 .5  I nact ivat ion of DNMT3 b leads to hyperm ethylat ion of the lept in 
prom oter 
Unexpectedly, the loss of DNMT3b led to an increase in DNA m ethylat ion levels 
on the sense st rand although no change was observed on the ant isense st rand.  
I ncreases in DNA m ethylat ion have not  been reported before in this DNMT3b( - / - )  
cell line.  As discussed previously, elevated methylat ion could be a consequence 
of the different  wild t ype used or the higher num ber of passages that  the cells 
had gone through.  That  said, DNA m ethylat ion levels were st ill higher relat ive to 
the DNMT3a( - / - )  cells which were at  the sam e passage num ber as the DNMT3b( - / - )  
m ESCs.  From  this several scenarios m ust  be taken into account  when discussing 
these result s.  The first  scenario is that  the or iginal wild type bears the same 
m ethylat ion pat tern as observed in the CGR8 wild type (WT)  used here.  I n this 
case the result s would indicate that  overall the inact ivat ion of DNMT3b result s in 
increased levels of DNA m ethylat ion at  the lept in prom oter whilst  the inact ivat ion 
of DNMT3a results in a decrease in m ethylat ion levels.  This suggests that  the 
interact ion between DNMT3a and DNMT3b is im portant  for regulat ing the levels 
of DNA m ethylat ion at  the lept in prom oter.  Looking in a CpG specific context  the 
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inact ivat ion of DNMT3a resulted in increases at  CpG-6 and CpG-7.  The 
inact ivat ion of DNMT3b resulted in a m odest  increase in m ethylat ion at  these 
CpGs.  These observat ions further prom oter the idea that  DNMT3a and DNMT3b 
are both required to preserve DNA m ethylat ion levels at  the lept in prom oter. 
The second scenario would be that  the DNA m ethylat ion levels in the or iginal 
wild t ype do not  reflect  that  seen in the CGR8 wild t ype (WT)  used here.  The 
levels in the or iginal wild t ype might  be higher and in this scenario the 
inact ivat ion of DNMT3a and DNMT3b has resulted in a decrease in m ethylat ion 
levels, although m ore profound with the inact ivat ion of DNMT3a.  This m ay infer 
that  DNMT3a is predominant ly required for the overall preservat ion of the DNA 
m ethylat ion pat tern although it  cannot  be determined how this would affect  
individual CpGs and this again m ay lead to the conclusion that  both DNMT3s are 
required to preserve the methylat ion pat tern.   
The third scenario assum es that  again the DNA m ethylat ion levels in the or iginal 
wild t ype do not  reflect  that  seen in the CGR8 wild t ype (WT) used here and are 
actually sim ilar to that  seen with the inact ivat ion of DNMT3b.  This would infer 
that  DNMT3a is specifically required for the preservat ion of m ethylat ion levels at  
the lept in prom oter whilst  DNMT3b m ay be dispensable. 
There is evidence to show that  at  som e genomic loci both DNMT3s are required 
to preserve m ethylat ion pat terns whilst  at  other only one is required (Arand et 
al, 2012) .  Further work is needed to determine which scenario is t rue.   As a 
prelim inary test  to account  for the possibility that  the observed hyperm ethylat ion 
was in fact  a flaw in the experim ental design, DNMT3b m utant  t issues were 
sourced and analysed for lept in prom oter DNA m ethylat ion levels by 
pyrosequencing.  These t issues were obtained from  m urine m odels of hum an I CF 
syndrom e which feature mutat ions in the DNMT3b gene result ing in hypom orphic 
m utants.  I t  has been reported that  although hum an I CF pat ients exhibit  an 
overall decrease in genom ic DNA m ethylat ion, som e loci becom e 
hyperm ethylated (Heyn et  al, 2012) .  These m utants exhibit  a part ial loss of 
DNMT3b funct ion which does not  affect  the expression levels of other DNMTs.  
This part ial loss of funct ion also result s in the hypom ethylat ion of cent rom eric 
m inor repeats known to be a target  of DNMT3b  (Okano et  al, 1999) , whilst  the 
m ethylat ion status of m ajor satellite repeats rem ains unaffected (Velasco et  al, 
2010) .  The num ber of t issues that  could be obtained were low (one wild t ype 
liver and two DNMT3b mutant  livers)  but  within the liver t issues of these m ice, 
there were three CpG sites that  showed the sam e hyperm ethylat ion as with the 
DNMT3b( - / - ) m ESCs.  Due to the low num bers and lack of experim ental repeats, 
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stat ist ical analysis was not  perform ed. Nevertheless, this provides prelim inary 
data to support  evidence of increased DNA m ethylat ion levels at  the lept in 
prom oter with the inact ivat ion of DNMT3b.     
Although lept in has not  been linked with I CF syndrom e, lept in has been found to 
be im portant  in imm unity (Carbone et  al, 2012) and I CF is an immune disorder.  
Although this is a weak link, it  would be interest ing to determ ine if I CF pat ients 
suffer from hypermethylat ion of the lept in promoter. 
3 .4 .6  An unm ethylated prom oter  does not  correlate w ith lept in 
expression 
Lept in m RNA was expressed in the WT, DNMT1s and DNMT3a( - / - ) cell lines.  
Before discussing this it  is im portant  to point  out  that  a high num ber of cycles 
were required to perform  this PCR (38)  in the m ESCs and it  is possible that  the 
observed lept in m RNA expression m ay be due to the sm all num ber of 
different iated cells within the sam ples or m ay be an artefact .  RNA-seq data from  
other mESCs available from  the ENCODE project  reports no RNA alignments for 
lept in.  Com plem entary ChI P-seq data suggests that  these mESCs are enriched 
for the histone m odificat ions H3K9m e3 and H3K27m e3 at  the lept in prom oter  
(Appendix H) .  These m odificat ions are associated with gene repression (Zentner 
& Henikoff, 2013)  and taken together with the RNA-seq data provide evidence to 
suggest  that  the expression observed here is an artefact .  However, Lept in 
m RNA is expressed in the blastocyst  from  which m ESCs are derived so it  is also 
a possibilit y that  these pluripotent  cells do express lept in (Kawamura et  al, 
2002) . 
The WT, DNMT1s and DNMT3a( - / - )  cell lines expressed lept in m RNA whilst  the 
DNMT3b( - / - )  and DKO cell lines did not .  Gene expression is usually associated 
with an unm ethylated prom oter however the total populat ion of cells from  the 
three lept in expressing cell lines exhibit  DNA methylat ion.  Analysis of individual 
DNA m olecules gave epialleles within each cell line that  were ent irely 
unm ethylated.  In the analysis of lept in prom oter DNA m ethylat ion pat terns in 
adipose t issue it  has been suggested that  these unmethylated epialleles m ay be 
responsible for the observed lept in expression (Stöger, 2006) .  The DKO cell line 
however was hypom ethylated and did not  express lept in m RNA.  C/ EBPĮ, the 
predom inant  t ranscript ion factor associated with the lept in gene possesses a CpG 
within it s binding site (CpG-5) .  C/ EBPĮ can bind to both an unm ethylated and a 
m ethylated (5-m C)  binding site (Melzner et al, 2002) .  These findings provide 
evidence to suggest  that  DNA m ethylat ion at  the lept in prom oter is actually 
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required for lept in expression but , in contrast  the DNMT3b( - / - ) cell line was 
hyperm ethylated relat ive to the other cell lines and st ill did not  express lept in 
m RNA.  As the inact ivat ion of DNMTs has a global effect  it  is possible that  it  is a 
change in DNA m ethylat ion at  another gene that  has affected lept in m RNA 
expression levels.  Rt -PCRs were also performed for m RNAs encoding C/ EBPĮ 
and Sp1, another t ranscript ion factor associated with lept in t ranscript ion to 
confirm  that  with DNMT inact ivat ion they had not  suffered any adverse effects.  
m RNAs encoding both t ranscript ion factors were expressed in all cell lines.  
Although this data was not  quant ified, the intensit y of the bands produced for 
Sp1 was similar between the cell lines whilst  that  for C/ EBPĮ appeared to be less 
intense in the DNMT3b ( - / - ) cell line.  I t  m ay be possible that  the down- regulat ion 
of C/ EBPĮ is responsible for the lack of lept in expression in this cell line. 
The specific cytosine m odificat ions present  within the observed DNA methylat ion 
pat tern m ay also play a role in regulat ing lept in expression.  Indeed the WT and 
DNMT3a( - / - )  cells show evidence of 5-hm C enrichm ent  at  CpG-4, whilst  the 
DNMT3b( - / - ) and DKO cell line did not .  The DNMT1s cell line was not  enriched for 
5-hm C but  the sensit iv it y of the assay could be responsible for this result , as it  
would be expected that  the dram at ic decrease in DNA m ethylat ion would also 
result  in a decrease in 5-hm C levels.  A frequent ly m ent ioned possible role of 
hydroxym ethylat ion is that  it  acts as an intermediate in a dem ethylat ion 
pathway.  However, the presence of this cytosine m odificat ion in non-dividing 
cells such as within brain t issue, suggests that  this m ay not  be its only funct ion 
(Kriaucionis & Heintz, 2009) .  Hydroxym ethylat ion has been associated with both 
gene repression and gene act ivat ion (William s et  al, 2011) .  I n vit ro, the 
presence of just  one 5-hm C in a sequence of DNA significant ly inhibit s the 
binding of MeCP2, a factor associated with gene silencing (Ruzov et  al, 2011;  
Valinluck et  al, 2004) .  I t  has been suggested that  MeCP2 cont ributes to the 
t ranscript ional silencing of the lept in gene when it  exhibits cytosine methylat ion 
(5-m C)  (Melzner et  al, 2002) .  The abilit y of C/ EBPĮ t o bind to it s lept in 
prom oter binding site when the internal CpG is hydroxym ethylated is unknown. 
 
3 .5  Conclusion 
The data presented in this chapter shows that  DNMT1, DNMT3a and DNMT3b are 
all required for the preservat ion of overall DNA m ethylat ion levels at  the lept in 
prom oter in m ESCs.  Whilst  DNMT1 is regarded as the m aintenance 
m ethylt ransferase, in the absence of DNMT3a and DNMT3b, DNMT1 is unable to 
m aintain DNA m ethylat ion at  the lept in promoter and hemi-m ethylat ion was 
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observed in all cell lines.  With the individual inact ivat ion of DNMT3a and 
DNMT3b certain CpG sites exhibited st rand specific hemi-m ethylat ion.  The 
acquirement  of double-st randed DNA m ethylat ion data allows for the analysis of 
DNA m ethylt ransferase act ivit ies by a hidden markov m odel, a stat ist ical analysis 
which can est im ate CpG-specific rates of m ethylat ion events and DNMT 
processivit y (Fu et  al, 2012) .  Work is ongoing to analyse this data for 
probabilit ies of de novo m ethylat ion and m aintenance act ivity at  the lept in 
prom oter via this m odel, however, this analysis requires a num ber for epialleles 
that  are hemi-m ethylated for each individual CpG site.  From this it  can be 
determ ined whether the hemi-m ethylat ion is due to a de novo m ethylat ion event  
or a loss of m ethylat ion (Fu et  al, 2012) .  Unfortunately it  is unsure whether 
enough of these epialleles have been obtained for each CpG site. 
Whilst  DNA m ethylat ion is frequent ly associated with gene silencing, in these cell 
lines exam ples of both an unm ethylated and a m ethylated lept in prom oter which 
did not  correlate with lept in m RNA expression were found here.  The DNA 
m ethylat ion levels at  individual CpGs of the lept in prom oter and the specific 
cytosine m odificat ions present  within the observed DNA m ethylat ion pat tern m ay 
also influence on lept in expression status.  However, mESCs are not  a suitable 
m odel for exploring the role of specific cytosine m odificat ions in lept in gene 
expression as it  is a possibility that  they do not  express lept in m RNA.  Further 
work is required to elucidate the individual roles of 5-m ethyl cytosine (5-m C)  
and 5-hydroxym ethyl cytosine (5-hm C) at  the lept in prom oter with regards to 
lept in expression.  
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Chapter  4 . I nvest igat ing the role of hydroxym ethylat ion in 
lept in expression 
4 .1 . I nt roduct ion 
Lept in is an im portant  horm one with an infam ous role in energy m etabolism  and 
an em erging role in other fundam ental life processes such as reproduct ion, 
inflam m at ion and angiogenesis (Fantuzzi & Faggioni, 2000;  Hausm an et  al, 
2012)  (Sect ion 1.1.6) .  Many publicat ions have reported divergent  lept in levels 
between individuals, one exam ple being the higher plasm a lept in levels observed 
in infants born large for gestat ional age in comparison to infants born sm all for 
gestat ional age (Marchini et  al, 1998) .  The lept in prom oter is a t issue specific 
different ially m ethylated region (T-DMR)  (Stöger, 2006)  and cytosine 
m ethylat ion (5-m C)  of specific CpGs in this region correlates with the down-
regulat ion of lept in expression (Melzner et  al, 2002) .  Despite this inform at ion, 
data regarding divergent  lept in expression levels between individuals is rarely 
correlated with DNA methylat ion data.  
 
I n addit ion to this the lept in prom oter exhibit s interm ediate levels of DNA 
m ethylat ion in adipose t issue, the pr im ary site of lept in expression (Stöger, 
2006) .  This is an int r iguing observat ion as prom oter DNA m ethylat ion is 
frequent ly associated with gene silencing.  Although the prim ary cells are lept in 
expressing adipocytes, adipose t issue is highly heterogeneous ( I brahim , 2010) .  
Therefore, the observed DNA m ethylat ion levels could, in part  be at t r ibuted to 
the non-lept in expressing port ion of cells.  Described in the previous chapter was 
the analysis for m RNAs encoding lept in in various mESC lines and 
hyperm ethylat ion of the lept in prom oter did indeed correlate with lept in gene 
silencing, however also presented were mESCs with interm ediate levels of DNA 
m ethylat ion that  did express lept in.  I n these lept in expressing m ESCs, cytosine 
hydroxym ethylat ion (5-hm C)  was also detected within this DNA m ethylat ion 
pat tern.   
 
Published research which invest igates DNA methylat ion at  the lept in prom oter 
does not  dist inguish between 5-methyl cytosine (5-m C)  and 5-hydroxym ethyl 
cytosine (5-hm C)  and at  present  there have been no reported at tem pts to 
determ ine if 5-hm C is present  at  the lept in prom oter.  The exact  roles of 5-hm C 
in gene expression are yet  to be elucidated, but  since 2010 there has been a 
rapid accum ulat ion of publicat ions providing inform at ion on possible roles of 5-
hm C.  A frequent ly cited role of 5-hm C is as an interm ediate in a DNA 
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dem ethylat ion pathway.  5-hm C is form ed from  the oxidat ion of pre-exist ing 5-
m C which can then be further oxidised to form  5-fC and 5-caC and eventually 
leading to conversion back to cytosine ( I to et  al, 2011) .  The 5-hm C detected in 
lept in expressing mESCs m ay pertain to a demethylat ion pathway which allows 
conversion of 5-m C to cytosine thereby regulat ing levels of 5-m C and facilit at ing 
lept in expression levels.  However, an mESC line that  was hypom ethylated at  the 
lept in prom oter also did not  express lept in m RNA and therefore, an 
unm ethylated lept in prom oter does not  necessarily correlate with lept in 
expression. 
 
5-hm C has also been proposed to play a role as both a t ranscript ion act ivator 
and a t ranscript ional repressor.  I n m ESCs it  has been reported that  5-hm C 
posit ivity does not  correlate with t ranscript ional act ivat ion and m ost  5-hm C 
posit ive genes are not  expressed in mESCs (William s et  al, 2011) .  However, 5-
hm C is predominant ly associated with euchrom at in suggest ing that  it  is 
associated with gene act iv it y rather than repression (Ficz et  al, 2011;  Szulwach 
et  al, 2011) .   
 
Furtherm ore, it  appears that  the specific cell type, the locat ion of the observed 
DNA m ethylat ion within this cell t ype and the specific cytosine m odificat ion, 5-
m C or 5-hm C, are all im portant  factors in determ ining the t ranscript ional effect  
of DNA m ethylat ion.  I n neurons, gene expression correlates with the enrichment  
of 5-hm C over the ent ire t ranscript ional unit  of the gene whilst  it  is depleted 
from  the t ranscript ion start  site (TSS)  and intergenic regions.  The relat ionship 
between gene body 5-hm C enrichm ent and gene expression levels appears to be 
dependent  on neuronal cell t ype (Mellén et al, 2012) .  I n mESCs the presence of 
5-m C in the prom oter region is associated with low levels of gene t ranscript ion 
whilst  prom oters enriched for 5-hm C or both 5-m C and 5-hm C are m ore highly 
t ranscribed (Ficz et  al, 2011) .  5-hm C in exons also correlates with increased 
levels of t ranscript ion and genes specifically enriched for this cytosine 
m odificat ion are actually m ore highly t ranscribed than those that  were 
unm ethylated (Ficz et  al, 2011) .  These observat ions in neurons and mESCs 
cont radict  in vit ro data where 5-hm C in the prom oter region strongly represses 
gene t ranscript ion whilst  5-hm C in the gene body has m inim al effects on 
t ranscript ion (Robertson et al, 2011) . 
 
 
 
  
118 
 
4 .1 .1 . Aim s and Object ives 
The prim ary aim  of the work presented in this chapter was to invest igate DNA 
m ethylat ion levels at  the lept in prom oter in the lept in expressing adipocytes 
whilst  account ing for the specific composit ion of 5-m C and 5-hm C within the 
observed DNA m ethylat ion pat tern.  Adipocytes are form ed from  the 
different iat ion of preadipocytes during adipogenesis, a process which is 
accom panied by a t ransit ion in lept in expression from a “swit ched off”  to a 
“switched on”  state (MacDougald et  al, 1995) .  Using the 3T3-L1 m ouse 
preadipocyte cell line as a m odel of adipogenesis, pyrosequencing is used to 
determ ine DNA m ethylat ion levels at  the lept in prom oter in 3T3-L1 
preadipocytes and adipocytes to determine if 5-m C and/ or 5-hm C are associated 
with lept in repression or lept in expression in these cell types. 
 
4 .2  Mater ia ls and m ethods 
Unless otherwise specified, all m ater ials used for these experim ents were 
sourced from  Sigm a-Aldr ich (Poole, Dorset , UK) . 
4 .2 .1 . Cell culture 
The 3T3-L1 m ouse preadipocyte cell line was obtained from  and m aintained as 
recom mended by the European Collect ion of Cell Cultures.  All culture reagents 
were obtained from  I nvit rogen Ltd. (Paisley, UK)  unless otherwise stated.  
Approxim ately 4.7x105 3T3-L1 preadipocytes per well were seeded in 12 well 
plates (Nalge Nunc Internat ional, New York, USA)  and cultured in growth m edia 
consist ing of Dulbecco’s Modified Eagles m edia (DMEM) supplemented with 10%  
foetal calf serum  (FBS)  (Biosera, East  Sussex, UK) , 1m M sodium  pyruvate, 1m M 
non-essent ial amino acids and 1%  penicillin/ st reptom ycin and m aintained at  
37°C in the presence of 5%  CO2. 
Preadipocytes were different iated into adipocytes by replacing growth m edia with 
different iat ion induct ion m edia consist ing of growth m edia supplem ented with 
1: 100 0.0115g/ m l isobutylm ethylxanthine ( IBMX) , 1µM dexam ethasone (DEX)  
and 167nM bovine insulin to 2 day post  confluent  cells.  After 48 hours, 
different iat ion induct ion m edia was replaced with growth m edia supplem ented 
with 167nM bovine insulin.  Media was refreshed with growth m edia every 48 
hours unt il day eight  when cells were fully different iated and harvested by 
t rypsinisat ion (Sect ion 3.2.3) .  To confirm cells had different iated, an oil red o 
staining was performed.  Oil red o binds to the lipid droplets which accum ulate 
within different iated adipocytes (Lillie & Ashburn, 1943) .  I n br ief, culture 
m edium  was rem oved from  wells and cells were r insed and fixed with 60%  
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isopropanol for one minute with gent le rotat ion.  Cells were then incubated for 
15 minutes with gent le rotat ion in an oil red o solut ion consist ing of two parts 
deionised H20 and three parts 0.5%  oil red o in isopropanol.  Cells were 
counterstained with haem atoxylin in order to ident ify individual cells by their 
nuclei.  Cells stained red were then counted and after confirm ing the full 
different iat ion of cells (< 90% )  at  eight  days the process was repeated for a t ime 
course experiment  and cells were harvested at  six hourly intervals between 20 
and 96 hours post  induct ion of different iat ion and at  eight  days (192 hours)  full 
different iat ion.  Experim ents were repeated on three passages (P)  of cells;  P12, 
P13 and P14. 
4 .2 .2  Nucleic acid extract ion 
Prior to nucleic acid ext ract ion, cells were harvested from  flasks by t rypsinisat ion 
with 0.05%  Trypsin 0.02%  EDTA in Hank’s balanced salt  solut ion and washed in 
PBS to rem ove any residual growth media.  Cells were then separated into two 
aliquots, one for total RNA and one for gDNA extract ion.  
gDNA was ext racted using the DNeasy Blood and Tissue kit  (Qiagen Ltd., West  
Sussex, UK) (Sect ion 2.2.3.1) 
Total RNA was ext racted using Trireagent  (Am bion, California, USA)  (Sect ion 
2.2.4.1) 
4 .2 .3  Rt -PCR 
Rt -PCRs were perform ed for lept in, Sp1, C/ EBPĮ, TET1 and TET2 m RNA 
expression (Sect ion 3.2.8) .  All PCRs were perform ed using the sam e therm al 
profile described in previous sect ions and against  GAPDH as a housekeeping 
gene. 
4 .2 .4  Pyrosequencing 
DNA m ethylat ion analysis of the lept in prom oter was perform ed using 
pyrosequencing technology (Sect ion 3.2.7) .  Nine CpGs of the core lept in 
prom oter were analysed including an Sp1 binding site, a C/ EBPĮ binding site and 
LP1 (Figure 4.1) . 
4 .2 .5  5 -hm C analysis 
5-hm C was detected by a rest rict ion enzym e based technique (Sect ion 3.2.9) 
and a m agnet ic bead capture technique.  Detect ion of 5-hm c at  single base 
resolut ion was also at tem pted however, due to t im e rest raints, the results could 
not  be fully com pleted or verified with repeats. 
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4 .2 .5 .1  5 - hm C detect ion by m agnet ic bead capture 
The 5-hm C detect ion assay described in Sect ion 3.2.9 was lim ited by the 
interrogat ion of only CpG-4 (Figure 3.1) .  The presence of 5-hm C over the lept in 
prom oter region, rather than at  a specific CpG, was invest igated using the 
Hydroxym ethyl Collector kit  (Act ive Mot if, California, USA) .  Using this kit  gDNA 
is first  fragm ented and then glucosylated in order to convert  any 5-hm C bases to 
5-ghm C.  A biot in conjugate is then chem ically at tached to the m odified glucose 
and m agnet ic st reptavidin beads are used to capture the biot inylated 5-ghm C 
fragm ents.  Enriched DNA can then be am plified in a PCR react ion with pr im ers 
specific to the region of interest  in order to determ ine the presence of 5-hm C.  
gDNA was sheared to an average fragment  size of 600-100bp by rest rict ion with 
Micrococcal Nuclease (MNase)  (New England Biolabs, Hert fordshire, UK)  (Table 
4.1) .  Fragmentat ion react ions were incubated at  37°C for 15 minutes on the 
PCH-1 dry block heater (Grant  Bio Instrum ents, New Jersey, USA) (Table 4.1) .   
 
 
 
 
Figure 4 .1  The m ouse lept in promoter .  The mouse lept in prom oter showing the 
dist r ibut ion of CpG dinucleot ides.  CpGs are highlighted in grey, TA and CA nucleot ide 
subst itut ions are highlighted in brown and the locat ion of the CpGs in relat ion to the 
t ranscript ion start site is given.  CpGs are num bered 1-9 and relate to the nine CpGs 
analysed by pyrosequencing. The Sp1, LP1 and C/ EBP sites are underlined.  Figure 
adapted from  Stöger, 2006.      
Sp1  LP1  
- 9 7  - 8 7  - 8 2  
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C/ EBP TATA 
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Table 4 .1  DNA fragm entat ion react ion mixture 
Reagent Volume per sample 
gDNA 4µg 
1 0 x React ion buffer 5µl 
1 0 0 x BSA 1µl 
Micrococcal Nuclease ( 2  units/ µl)  2µl 
Nuclease free w ater Up to 50µl 
 
 
MNase was inact ivated by adding EDTA pH 8.0 to a final concentrat ion of 50m M.  
Fragm ented DNA was purified using DNA Clean and Concent rator columns 
(Zym o, California, USA)  and to ensure fragm ents ranged from  100-600bp DNA 
was visualised on an agarose gel (Sect ion 2.2.3.3.3) . 
200ng fragm ented DNA was glucosylated by incubat ion with a ß-
glucosylt ransferase enzym e at  37°C for 1 hour on th e PCH-1 dry block heater 
(Grant  Bio Inst rum ents, New Jersey, USA) (Table 4.2) .  
 
Table 4 .2  DNA glucosylat ion react ions 
Reagent Glucosylat ion 
react ion 
No glucosylat ion 
control 
Fragm ented DNA 200ng 200ng 
1 0 m M DTT 5µl 5µl 
3 m M UDP- azide-glucose 2.5µl -  
ß- glucosyltransferase ( 1 0  
units/ µl)  2µl 2µl 
Nuclease free w ater Up to 50µl Up to 50µl 
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20µl biot in conjugat ion solut ion was added and sam ples were incubated at  37°C 
for a further hour to allow the biot in conjugate to bind 5-ghm C m odificat ions.  
Glucosylated, biot inylated DNA was purified using DNA purificat ion columns 
supplied with the kit . 370µl DNA purificat ion binding buffer and 3M sodium  
hydroxide was added to DNA unt il the mixture turned yellow and was t ransferred 
to a DNA purificat ion column (supplied with kit ) .  DNA was passed through the 
colum n to allow binding of DNA to the column m at rix.  After washing with DNA 
purif icat ion wash buffer (supplied with kit )  DNA was eluted with 50µl DNA 
purif icat ion elut ion buffer.   
25ul m agnet ic st reptavidin beads and 25µl binding buffer AM13 (both supplied 
with the kit )  were added to the purified biot inylat ion react ion and sam ples were 
incubated for 30 m inutes at  room  tem perature with end to end rotat ion on the 
Stuart  Scient ific tube rotator (Stuart , Staffordshire, UK)  to allow the streptavidin 
beads to bind biot inylated 5-ghm C.  Using a magnet (supplied with kit ) , beads 
were washed 5 t im es with binding buffer  AM13 and enriched DNA was eluted 
from  the beads with 100µl 1x elut ion buffer AM2, by pipet t ing several t im es and 
incubat ion for 30 minutes at  room  tem perature with end to end rotat ion on the 
Stewart  Scient ific tube rotator (Stewart , Staffordshire, UK) .  Enriched DNA was 
purif ied using the DNA clean and concent rator (Zym o, California, USA)  and 
am plified in a PCR react ion alongside input  fragm ented DNA to detect  5-hm C 
(Sect ion 3.2.9) . 
 
4 .2 .5 .2  Detect ion of 5 - hm C at  single base resolut ion 
Potassium perruthenate (KRuO4)  is an oxidising agent  with the ability to convert  
5-hm C to 5- fC which behaves as an unm ethylated cytosine during bisulfit e 
conversion (Booth et  al, 2012) .  Thus, by com bining pyrosequencing with a 
KRuO4 pre-oxidat ion, the levels of 5-hm C can be determined when com pared to 
a non-oxidised cont rol.  3µg gDNA was suspended in 24µl 0.05M NaOH on ice.  
1µl 15m M KRuO4 (Alpha Aeser, Karlsruhe, Germ any)  in 0.5M NaOH was added 
and sam ples were incubated on ice for one hour with occasional vortexing.  
Sam ples were purified by passage through a m inispin oligo column (Roche, 
Welwyn, U.K.)  and then subjected to DNA m ethylat ion analysis by 
pyrosequencing (Sect ion 4.2.4) .    
4 .2 .6  Stat ist ical Analysis 
Stat ist ical analysis was perform ed by convent ional ANOVA (Genstat , 2011) .   
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4 .3  Results 
4 .3 .1  Different iat ion of 3T3 -L1  preadipocytes into adipocytes 
3T3-L1 preadipocytes were different iated into adipocytes over eight  days 
(Sect ion 4.2.1) .  Different iated cells displayed a dist inct  change in m orphology 
which was characterised by the accumulat ion of lipid droplets within the 
adipocytes (Figure 4.1) .  Oil red o staining, which binds to lipid droplets, was 
used to confirm  that  a high proport ion of cells (> 90% )  had different iated into 
adipocytes (Figure 4.2) . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 .3 .2  r t -PCRs for  m RNA expression 
3T3-L1 m ouse preadipocytes do not  express lept in but  after different iat ion, the 
adipocytes generated do express lept in (MacDougald et al, 1995) .  Rt -PCRs were 
perform ed to determine the presence of lept in m RNA in 2µg t otal RNA, isolated 
Figure 4 .2  Different iat ion of 3 T3 -L1  preadipocytes into adipocytes.  a)   Oil red 
o staining.  Undifferent iated cont rol cells ( top well)  and different iated cells (bottom 
well)  were subjected to oil red o staining which binds to lipid droplets present  in 
adipocytes.  b) Undifferent iated cont rol cells eight  days post induct ion of 
different iat ion x20 m agnificat ion. c)  Different iated cont rol cells eight  days post 
induct ion of different iat ion x20 magnificat ion. 
 
a)  b)  
c)  
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from  approxim ately 5x106 undifferent iated cont rol cells and adipocytes.  
Undifferent iated cont rol cells did not  express lept in whilst  different iated 
adipocytes did (Figure 4.3) . 
 
 
 
 
 
 
Rt -PCRs were also perform ed for m RNAs encoding Sp1 and C/ EBPĮ, t ranscript ion 
factors which are associated with expression of the lept in gene, to determ ine if 
any adverse changes in their  expression had occurred.  These m RNAs were 
expressed in both undifferent iated and different iated cells (Figure 4.4) .   
 
 
 
 
 
 
 
Presented in the previous chapter were Rt -PCRs for m RNAs encoding DNMT3L, 
the catalyt ically inact ive m em ber of the DNA m ethylt ransferase family which is 
known to enhance DNMT3a and DNMT3b funct ion (Gowher et  al, 2005) .  I n order 
to determ ine if changes in DNMT3L expression correlated with the adipogenic 
t ransit ion, rt -PCRs were repeated on preadipocytes and adipocytes. m RNAs 
encoding DNMT3L were not  detected in preadipocytes but  different iat ion into 
adipocytes correlated with DNMT3L m RNA expression (Figure 4.5) . 
 
Figure 4 .3  Lept in m RNA expression in preadipocytes and adipocytes 
Leptin 
GAPDH  
Preadipocytes Adipocytes 
X 3 0  cycles 
X 3 0  cycles 
 
Figure 4 .4  Sp1  and C/ EBPĮ mRNA expression in preadipocytes and 
adipocytes 
Adipocytes Preadipocytes 
Sp1  
&(%3Į 
X 3 0  cycles 
X 3 0  cycles 
X 3 0  cycles GAPDH  
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Rt -PCRs were also performed for TET1 and TET2, m em bers of the family of 
enzym es which facilit ate the oxidat ion of 5-mC to 5-hm C.  m RNAs encoding 
TET1 and TET2 were detected in both preadipocytes and adipocytes (Figure 4.6) .  
Rt -PCRs were also at tem pted for TET3 m RNA however no band was observed 
and a posit ive cont rol could not  be obtained so it  is uncertain as to whether 
these cells did not  express TET3 m RNA or if t hey assay was not  fully opt im ised 
(data not  shown) . 
 
 
 
 
 
4 .3 .3  DNA m ethylat ion at  the lept in prom oter  in preadipocytes and 
adipocytes 
Pyrosequencing for both the sense and ant isense st rand of the lept in prom oter 
was used to determ ine DNA m ethylat ion levels at  the lept in prom oter in 
preadipocytes and adipocytes eight  days post  different iat ion.  Pyrosequencing 
port rays the percentage of DNA m olecules exhibit ing DNA m ethylat ion at  
individual CpG sites.  This analysis was perform ed on DNA sam ples from  three 
individual different iat ion experim ents and the m ean DNA m ethylat ion level from  
all nine CpG sites com bined was used for data analysis.  Standard deviat ions 
between the three different iat ions were no m ore than 7%  at  each CpG site.  
 
Figure 4 .5  DNMT3 L mRNA expression in preadipocytes and adipocytes 
Preadipocytes Adipocytes 
X 3 8  cycles DNMT3 L 
GAPDH  X 3 8  cycles 
 
Figure 4 .6  TET1  and TET2  mRNA expression in preadipocytes and 
adipocytes 
Adipocytes Preadipocytes 
TET1  
TET2  
GAPDH  
X 3 0  cycles 
X 3 0  cycles 
X 3 0  cycles 
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4 .3 .3 .1  Overall DNA m ethylat ion levels at  the lept in prom oter 
To assess differences in overall DNA m ethylat ion levels at  the core lept in 
prom oter, the mean DNA methylat ion level between the nine CpGs was 
calculated and com pared between preadipocytes and adipocytes (Figure 4.7) . 
 
 
 
 
 
 
 
On the sense strand both the preadipocytes and adipocytes exhibited a high 
level of DNA m ethylat ion at  the lept in prom oter at  90%  and 91%  methylat ion 
respect ively.  On the ant isense st rand high levels of DNA m ethylat ion were again 
observed in the preadipocytes (91%  m ethylat ion) , however, the adipocytes 
exhibited an 11%  loss in m ethylat ion in com parison to the preadipocytes 
(ANOVA p= 0.003) .  
4 .3 .3 .2  DNA m ethylat ion levels at  individual CpGs of the lept in prom oter 
Next , DNA m ethylat ion levels at  individual CpGs of the lept in prom oter were 
com pared between preadipocytes and adipocytes.  On the sense st rand of the 
lept in prom oter, preadipocytes exhibited high levels of DNA m ethylat ion between 
76%  and 100%  (Figure 4.8) .  The adipocytes also exhibited high levels of DNA 
m ethylat ion which was either the sam e as, or slight ly lower/ higher at  each of the 
nine CpGs in com parison to the preadipocytes (Table 4.3) . 
 
 
 
 
Figure 4 .7  Overall DNA m ethylat ion levels on both strands of the lept in 
prom oter in preadipocytes and adipocytes 
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On the ant isense st rand of the lept in prom oter preadipocytes also exhibited high 
levels of DNA m ethylat ion between 81%  and 96%  at  all CpGs analysed.  High 
levels of DNA m ethylat ion were also observed in the adipocytes however at  m ost  
CpGs, m ethylat ion levels had decreased in comparison to the preadipocytes.  At  
CpG-6, levels had increased m arginally (Table 4.3) . 
 
Table 4 .3  Percentage changes in DNA m ethylat ion levels at  individual CpGs of 
the lept in prom oter  betw een preadipocytes and adipocytes 
CpG Sense Ant isense 
1  + 6 -16 
2  + 4 -13 
3  + 2 -8 
4  0 -16 
5  + 2 -9 
6  0 + 8 
7  + 1 -10 
8  0 -14 
9  -3 -17 
 
 
Figure 4 .8  DNA m ethylation levels at  individual CpGs of the lept in prom oter 
in preadipocytes and adipocytes 
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4 .3 .4  Detect ion of 5 - hm C 
Although the decrease in DNA m ethylat ion levels in the adipocytes on the sense 
st rand of the lept in prom oter was stat ist ically significant , there did not  appear to 
be a dram at ic change in DNA m ethylat ion levels between the non- lept in 
expressing preadipocytes and the lept in expressing adipocytes.  Pyrosequencing 
does not  different iate between 5-m C and 5-hmC, therefore, this analysis did not  
take into account  the specific cytosine m odificat ions that  were present  within the 
observed DNA m ethylat ion and although total DNA m ethylat ion did not  change 
not iceably the actual rat io of 5-m C to 5-hm C m ay have.  Two separate assays 
were used to detect  5-hm C, the NEB Epim ark kit  (Figure 4.9)  and Act ive Mot ifs 
Hydroxym ethyl collector (Figure 4.9) .   
The NEB Epim ark kit  was used to detect  5-hm C at  CpG-4, located adjacent  to a 
C/ EBPĮ t ranscript ion factor binding site.  5-hm C was not  detected in the 
preadipocytes and it  appeared that  all or the major it y of DNA m ethylat ion at  this 
CpG consisted of 5-m C (Figure 4.10) . 
 
 
 
 
 
 
 
 
 
I n the adipocytes, however, 5-hm C was detected at  CpG-4 and, although this 
assay was not  quant ified, the band produced for total DNA m ethylat ion (5-m C 
and 5-hm C)  was of a similar intensit y to the band produced for 5-hm C.  This 
suggests that , in the adipocytes, the DNA m ethylat ion at  CpG-4 m ay consist  
ent irely of 5-hm C.  Act ive Mot if ’s Hydroxym ethyl Collector was used to detect  
the presence of 5-hm C over the whole of the region analysed rather than at  a 
Figure 4 .9  Detect ion of 5 - hmC using the NEB Epim ark k it 
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specific CpG (Figure 4.10) .  This confirm ed the previous findings from  the NEB 
Epim ark kit .  I n the preadipocytes no 5-hm C was detected whilst  in the 
adipocytes 5-hm C was detected.  
 
 
 
 
 
 
4 .3 .5  Tim e course experim ent 
3T3-L1 preadipocytes are fully different iated into adipocytes by day eight  post  
induct ion of different iat ion.  I n the previous experim ents differences in m RNA 
expression and DNA m ethylat ion between adipocytes and preadipocytes were 
determ ined at  day eight  post  induct ion of different iat ion.  I t  was found that  the 
different iat ion process correlated with the induct ion of lept in and DNMT3L m RNA 
expression.  Although no dram at ic changes in overall DNA m ethylat ion levels 
were observed, the presence of 5-hm C at  the lept in prom oter correlated with 
lept in expression.  The different iat ion experim ent  was repeated, harvest ing cells 
at  20, 26, 32, 38, 44, 50, 96 hours and eight  days post  induct ion of 
different iat ion to determine the t im e point  at  which these changes occurred 
during the adipogenic process. 
Lept in m RNA was detected in the adipocytes from  32 hours post  induct ion of 
different iat ion and was not  detected at  any t ime points within the preadipocytes.  
Although the rt -PCR data were not  quant if ied, the intensit y of the PCR band 
produced increased at  every t im e point  after 32 hours (Figure 4.10) .  m RNAs 
encoding the t ranscript ion factors Sp1 and C/ EBPĮ were detected in  both the 
preadipocytes and adipocytes at  every t im e point  and there did not  appear to be 
any obvious variat ion in band intensity between the cell types or between the 
t im e points, suggest ing that  they are stably expressed throughout  the 
adipogenic process (Figure 4.10) .  DNMT3L was not  expressed in the 
preadipocytes and m RNAs encoding DNMT3L were detected in the adipocytes 
only at  day eight , the end point  of different iat ion (Figure 4.10) .  This r t -PCR was 
perform ed over 38 cycles in com parison to other r t -PCRs which were perform ed 
Figure 4 .1 0   Detect ion of 5 - hmC using the Act ive Mot if’s Hydroxym ethylcollector     
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over 30 cycles.  TET1 and TET2, the enzym es which facilit ate the oxidat ion of 5-
m C to 5-hm C, were also expressed in both the preadipocytes and adipocytes at  
every t im e point  analysed (Figure 4.11) .   
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Pyrosequencing analysis for DNA m ethylat ion levels at  the lept in prom oter was 
repeated for each t ime point  analysed.  Although the t ime course different iat ion 
was repeated three t im es, due to technical diff icult ies with the pyrosequencer, 
pyrosequencing analysis could only be perform ed once and only on the sense 
st rand of the lept in prom oter. 
Overall DNA m ethylat ion levels at  the lept in prom oter rem ained high throughout  
the different iat ion process in both the preadipocytes and the adipocytes which 
exhibited between 88%  and 93%  DNA m ethylat ion at  every t im e point  analysed 
(Figure 4.12) .  
 
 
 
 
 
 
 
At  each t im e point  only m inor increases/ decreases in DNA m ethylat ion of 
between -2 to + 5%  were observed between the preadipocytes and the 
adipocytes (Table 4.3) . 
 
 
 
 
 
 
 
Figure 4 .1 2  Overall DNA m ethylat ion levels at  the leptin prom oter 
during adipogenic differentiat ion.  
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Table 4 .4  Percentage changes in overall DNA m ethylat ion levels at  the lept in 
prom oter betw een preadipocytes and adipocytes at  var ious t im e points 
Tim e Sense strand 
0  hrs + 1 
2 0  hrs -2 
2 6  hrs + 2 
3 2  hrs -1 
3 8  hrs + 2 
4 4  hrs + 2 
5 0  hrs + 1 
9 6  hrs -2 
8  days + 5 
 
Next  DNA m ethylat ion levels at  individual CpGs of the lept in prom oter during the 
different iat ion process were analysed (Figure 4.13) .  DNA m ethylat ion levels 
rem ained com parable between the preadipocytes and adipocytes throughout  the 
different iat ion process, although there were som e increases/ decreases at  certain 
CpGs (Table 4.5) .  At  20 hours post - induct ion of different iat ion DNA m ethylat ion 
levels at  CpG-8 decreased by 11%  in the adipocytes relat ive to the 
preadipocytes and at  26 hours post - induct ion of different iat ion DNA methylat ion 
levels at  CpG-1 increased by 15%  in the adipocytes relat ive to the 
preadipocytes.  At  96 hours a decrease of 11%  was also observed at  CpG-9.  
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Figure 4 .13  DNA m ethylat ion levels at  individual CpGs of the lept in prom oter during the different iation of preadipocytes into 
adipocytes 
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Table 4 .5  Percentage changes in DNA m ethylat ion levels at  individual CpGs of 
the lept in prom oter  betw een preadipocytes and adipocytes at various t im e 
points 
 
As the pyrosequencing analysis does not  different iate between 5-m C and 5-hm C, 
the potent ial presence of 5-hm C was again analysed by the two techniques 
described previously.  The NEB Epim ark kit  was used to determ ine the presence 
of hydroxymethylat ion at  CpG-4 at  each of the nine t im e points analysed (Figure 
4.13) .  5-hm C was not  detected in the preadipocytes at  any of the t im e points 
analysed.  In the different iat ing adipocytes, 5-hm C was init ially detected at  26 
hours post - induct ion of different iat ion. However, at  the next  two t im e points of 
32 and 38 hours 5-hm C was not  detectable.  Although 5-hm C was not  detected 
at  these two t im e points, a PCR band was st ill produced for total DNA 
m ethylat ion (5-m C and 5-hm C) .  This suggests that  the DNA m ethylat ion 
present  at  these t im e points is purely or predom inant ly 5-m C.  5-hm C was re-
detected at  44 hours and rem ained detected at  every subsequent  t im e point .  
Although this data was not  quant ified the intensit y of the bands was com parable 
at  26, 44 and 50 hours suggest ing that  levels of 5-hm C m ay be similar at  these 
t im e points.  The intensit y of the PCR bands produced for 5-hm C increased at  96 
hours and rem ained relat ively similar at  192 hours, again suggest ing that  at  
these t im e points 5-hm C levels m ay be sim ilar.  At  these late stages of 
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different iat ion ( t im e points 96 hours and 192 hours) , the intensity of the band 
produced for 5-hm C was com parable to that  produced for total DNA m ethylat ion 
suggest ing that  at  these t im e points the DNA m ethylat ion observed at  CpG-4 in 
the adipocytes m ay consist  purely or predominant ly of 5-hm C.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Act ive Mot ifs Hydroxym ethyl Collector was used to detect  5-hm C within the 
region of interest  rather than just  one specific CpG site (Figure 4.14) .  Whereas 
using the CpG site specific technique (CpG-4) , 5-hm C became detectable at  26 
hours, using this technique, 5-hm c was first  detected at  20 hours.  This m ay 
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Figure 4 .1 4  Detect ion of 5 - hmC using the NEB Epim ark kit  at  var ious t im e 
points during different iation .  At  each t im e point the top row of bands represents 
preadipocytes and the bot tom  row of bands represents different iat ing adipocytes. 
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stem  from  differences in the sensit ivit ies between the two different  techniques or 
m ay suggest  that  CpG-4 becom es hydroxym ethylated at  a later t im e point  than 
other CpGs in the region.  5-hm C was detected at  every t im e point  subsequent 
to 20 hours and although this data was not  quant if ied the intensit ies of the 
bands produced suggests that  there m ay be differences in the level of 
hydroxym ethylat ion present  at  the different  t ime points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
At  26 hours the band produced was of greater intensity that  the previous t im e 
point  of 20 hours and the next  t im e point  of 32 hours.  This is concurrent  with 
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Figure 4 .1 5  Detect ion of 5 - hmC using Active Mot if’s Hydroxym ethyl Collector 
at  var ious t im e points during different iat ion .   At  each t ime point  the top row of 
bands represents preadipocytes and the bottom row of bands represents different iat ing 
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the data produced from  the NEB Epim ark assay where 5-hm C was first  detected 
at  26 hours whilst  previous to this and at  the next  two t ime points 5-hm c was 
not  detected.  From  38 hours the bands gradually increase in intensit y and at  96 
and 192 hours are com parable in intensity.  This was again also observed in the 
data from  the NEB Epim ark kit  where at  96 and 192 hours bands of sim ilar 
intensit y were produced suggest ing com parable levels of 5-hm C.  
 
4 .3 .6  5 -hm C at  single base resolut ion 
Pyrosequencing was repeated in fully different iated 3T3-L1 cells (8 day)  with the 
pr ior t reatm ent  of DNA with KRuO4, an oxidising agent  that  converts 5-hm C to 5-
fC, thereby rem oving 5-hm C from  analysis (Sect ion 4.2.5.2) .  The 5-hm C 
oxidising abilit y of KRuO4 was reported near to the deadline for com plet ion of 
laboratory work for this thesis (Booth et  al, 2012) .  Addit ionally, technical 
difficult ies were experienced and the data set  could not  be com pleted (Appendix 
I ) .  Prelim inary data for CpG-6 to CpG-9 at  the ant isense st rand of the lept in 
prom oter was obtained and is presented here (Figure 4.16) .  This data is 
described as prelim inary due to a lack of experim ental repeats and the 
pyrosequencer analysis software flagging the run as “uncertain due to low peak 
height ” .  From  previous experience, data with this error m essage can st ill give 
accurate est im ates of DNA m ethylat ion levels, however, the experim ent  would 
need to be repeated and opt im ised to draw solid conclusions. 
 
 
 
 
 
 
 
At  CpG-6 to CpG-9, on the lower st rand of the lept in prom oter, DNA m ethylat ion 
in the preadipocytes appeared to consist  predom inant ly of 5-m C with some 
evidence of m arginal levels of 5-hm C (Table 4.6) .  DNA m ethylat ion at  CpG-6 in 
Figure 4 .1 6  5 -hmC at  single base resolut ion in 3T3 - L1  preadipocytes and 
adipocytes. 
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the adipocytes appeared to consist  of only 5-m C, whilst  at  CpG-8 and CpG-9 
there was evidence for the presence of 5-hm C (Table 4.6) .  Post -KRuO4 
oxidat ion, the m ost  dram at ic change in DNA methylat ion levels was at  CpG-7 in 
the adipocytes.  DNA m ethylat ion level dropped by 79% , indicat ing that  
hydroxym ethylat ion is the predominant  cytosine m odificat ion at  this CpG site in 
fully different iated 3T3-L1 adipocytes. 
 
Table 4 .6 .  The percentage contr ibut ions of 5 - mC and 5 - hmC to DNA m ethylat ion 
levels at  the lept in prom oter  in preadipocytes and adipocytes 
CpG Preadipocytes Adipocytes 
 5 - m C 5 - hm C 5 - m C 5 - hm C 
6  100 0 100 0 
7  82 9 8 79 
8  76 16 68 22 
9  71 9 78 6 
 
 
4 .4  Discussion 
4 .4 .1  Dram at ic changes in overall DNA m ethylat ion levels do not  
correlate w ith lept in expression 
Previous to the recent  re-discovery of 5-hm C in m amm alian DNA, DNA 
m ethylat ion at  CpG rich prom oters was considered to be an epigenet ic 
m odificat ion associated with gene silencing.  The lept in prom oter, which is a CpG 
r ich region, exhibits a broad range of DNA methylat ion levels in m ouse adipose 
t issue, the prim ary site of lept in expression (Stöger, 2006) .  This suggests that  
DNA m ethylat ion at  the lept in prom oter could be com pat ible with or even 
facilit ate lept in expression rather than leading to silencing.  Although the 
predom inant  com ponent  are the lept in expressing adipocytes, adipose t issue is a 
heterogeneous organ also containing nerves, imm une cells, endothelial cells, 
f ibroblasts and fibroblast ic preadipocyte cells (Cristancho & Lazar, 2011) .  As a 
consequence, DNA m ethylat ion pat tern in adipose t issue m ay also be at t r ibuted 
to cell t ypes that  m ay not  express lept in such as connect ive t issue or the 
adipocyte precursor cells, preadipocytes.  Using 3T3-L1 cells is a great  
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advantage as analysing methylat ion levels purely in lept in expressing adipocytes 
reduces the complexit y. 
I n the result s described in this chapter, a high level of DNA m ethylat ion was 
observed at  the lept in prom oter in 3T3-L1 preadipocytes which, consistent  with a 
large body of lit erature, do not  express lept in (MacDougald et al, 1995;  
Yokom ori et al, 2002) .  After different iat ion into adipocytes, which do express 
lept in, no significant  change in DNA m ethylat ion was observed on the sense 
st rand of the lept in prom oter.  On the ant isense st rand there was a drop in 
m ethylat ion levels, although not  a dram at ic drop.  This was stat ist ically 
significant  when analysing the whole region but  not  under CpG specific analysis.   
This raises the quest ion what  is the role of DNA m ethylat ion here and could 5-
hm C be part  of the puzzle?   
4 .4 .2  I nduct ion of lept in m RNA expression correlates w ith 
hydroxym ethylat ion of the lept in prom oter 
Although there was no change in total DNA m ethylat ion levels (5-m C and 5-
hm C)  between the preadipocytes and the lept in expressing adipocytes, 
hydroxym ethylat ion was detected by two separate m ethods post  different iat ion, 
again support ing the evidence presented in chapter three, for the relat ionship 
between lept in expression and the presence of hydroxym ethylat ion at  the lept in 
prom oter. 
I n vit ro t ranscript ion assays have been used to dem onst rate that  5-m C at  
specific sites of the hum an lept in prom oter dim inishes lept in expression (Melzner 
et  al, 2002) .  This m ay be at t r ibuted to the binding of MeCP2, which has been 
suggested to cont r ibute to the silencing of the lept in gene when it  exhibits 
cytosine methylat ion (Melzner et  al, 2002) .  MeCP2 is part  of the MBD fam ily of 
proteins, m ost  of which do not  recognise 5-hmC (Jin et  al, 2010;  Valinluck et  al, 
2004)  and m ost  likely dissociate from  DNA when 5-m C is converted into 5-hm C 
(William s et  al, 2012) .  The presence of just  one 5-hm C base in a DNA fragm ent  
significant ly inhibits binding of MeCPs (Ruzov et  al, 2011;  Valinluck et  al, 2004) .  
The epigenet ic regulat ion of gene expression could be influenced by 5-hm C 
through the exclusion of m ethyl CpG binding proteins, a theory which has been 
supported by the inability of MeCP2 to recognise and bind to 5-hm C.  The high 
levels of DNA m ethylat ion observed in the 3T3-L1 preadipocytes m ay be 
at t ributed to cytosine m ethylat ion (5-m C)  to which MeCP2 would be bound, 
prevent ing lept in t ranscript ion.  Upon different iat ion this 5-m C m ay be oxidised 
by the TET enzym es, which are expressed both pre and post  different iat ion, 
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form ing 5-hm C and, as evidence shows hydroxym ethylat ion diminishes MeCP2 
binding, would allow the release of MeCP2 and t ranscript ion and expression of 
the lept in gene. 
The observed lack of change in DNA methylat ion levels cont radicts a previous 
report  by Yokom ori et  al who observed demethylat ion of the lept in prom oter 
after the different iat ion of 3T3-L1 preadipocytes into adipocytes (Yokom ori et  al, 
2002) .  The group used convent ional bisulfit e sequencing to invest igate DNA 
m ethylat ion levels and the observed demethylat ion m ay have been a 
consequence of analysing too few epialleles which m ay have biased the result .  A 
repeat  of the 3T3-L1 different iat ion experim ent  by Stöger using the Hp-bss 
technique (data unpublished)  also revealed no dist inct  change in DNA 
m ethylat ion levels post -different iat ion.  More recent ly, slight  decreases in DNA 
m ethylat ion post -different iat ion of these cells has been reported (Bahar et  al, 
2013) . In the work presented in this chapter, pyrosequencing was used to 
determ ine DNA methylat ion levels.  This technique determines the total DNA 
m ethylat ion levels in a populat ion of cells rather than in individual DNA 
m olecules therefore elim inat ing this possible bias.  Melzner et  al also reported 
dem ethylat ion of the lept in prom oter in a human adipocyte cell line (Melzner et  
al, 2002) .  5-hm C m ay play a role as an interm ediate in a dem ethylat ion 
pathway.  I t  is also possible that  the observed hydroxym ethylat ion facilit ates 
dem ethylat ion of specific CpGs within the lept in prom oter and that  the 
dem ethylat ion observed by Yokom ori et  al and Melzner et  al was a consequence 
of this. 
4 .4 .3  Lept in expression correlates w ith CpG specific hydroxym ethylat ion 
The rest rict ion enzyme and pulldown techniques used here to detect  
hydroxym ethylat ion do not  allow for single base resolut ion and only inform  of 
the presence of 5-hm C at  CpG-4 or at  any CpG within the lept in prom oter.  I n 
2012, two novel techniques were reported which allowed single base resolut ion 
of 5-hm C (Booth et  al, 2012;  Yu et  al, 2012) .  One involved the oxidat ion of DNA 
with potassium  perruthenate pre-bisulfit e conversion which would allow the 
oxidat ion of 5-hm C to 5-fC and therefore rem oving it  from  the pyrosequencing 
analysis. Although this technique was at tem pted, the result s are prelim inary and 
due to t im e const raints could not  be repeated.   
Prelim inary result s revealed that  on the ant isense st rand, CpG-7 lost  79%  of the 
DNA m ethylat ion observed in the non-potassium  perruthenate t reated cells 
indicat ing that , post -different iat ion, CpG-7 becom es highly hydroxym ethylated 
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whilst  CpG-6, CpG-8 and CpG-9 exhibit  lit t le or no hydroxymethylat ion.  Melzner 
et  al found that  methylat ion (5-m C)  of the C/ EBPĮ t ranscript ion factor binding 
site down- regulated lept in expression and m ethylat ion of CpGs proxim al to the 
TATA box element  com pletely diminished prom oter act iv it y. CpG-7 is located 
62bp upst ream  of a TATA box element  and hydroxym ethylat ion of this site m ay 
facilit ate t ranscript ion of the lept in gene.  The C/ EBPĮ t ranscript ion factor binding 
site exhibited high levels of DNA m ethylat ion both pre and post  different iat ion 
and has been reported to be 1.8 fold as m ethylated as other sites in the sam e 
region even though this is the binding site for the predom inant  t ranscript ion 
factor of the lept in gene (Stöger, 2006) .  I t  is likely that  the observed DNA 
m ethylat ion at  this site in lept in expressing cells is actually hydroxym ethylat ion 
and further experim entat ion is required to determ ine this. 
4 .4 .4  Lim itat ions of this experim ent 
Hydroxym ethylat ion is reported to be a t issue specific m odificat ion (Nestor et  al, 
2012)  and m ay be im portant  for the process of adipogenesis as a genom e wide 
study has found that  5-hm C is associated with t ranscript ion factor binding to 
regulatory sites during 3T3-L1 different iat ion and m ay be involved in the 
act ivat ion of t issue specific genes (Sérandour et  al, 2012) .  I t  could also be 
possible that  the 5-hm C detected at  the lept in prom oter m ay be a result  of the 
adipogenic t ransit ion rather than specifically to facilit ate lept in expression.  I t  
would be interest ing to assess other t issues which express lept in to further 
invest igate the correlat ion between lept in expression and 5-hm C.  The level of 
lept in expression in other t issues is m arginal in com parison to adipocytes and 
m ore sensit ive gene specific techniques m ay be required for the detect ion of 5-
hm C.  The further opt im isat ion of pre- incubat ion with KRuO4 coupled to 
pyrosequencing will allow for this.  DNA m ethylat ion levels frequent ly change in 
cultured cells (Antequera & Bird, 1993)  and it  has been reported that  5-hm C and 
TET levels are also affected in culture (Nestor et  al, 2012) .  I t  is therefore 
im portant  to cont inue with an in vivo approach, possibly exam ining adipose 
t issue for hydroxym ethylat ion, although the heterogeneit y of this t issue m ay 
m ake this technically challenging.   
 
4 .5  Conclusion 
Although a previous report  suggests that  demethylat ion of the lept in prom oter 
m odulates lept in expression of 3T3-L1 adipocytes, in this chapter evidence was 
provided to suggest  that  the lept in prom oter retains overall DNA m ethylat ion 
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levels during adipogenesis in the 3T3-L1 cell line.  Although total DNA 
m ethylat ion levels did not  change dram at ically, the specific rat io of 5-m C to 5-
hm C within the observed DNA m ethylat ion did change.  The lept in prom oter 
appears to becom e hydroxym ethylated during the t ransit ion to a lept in-
expressing state and this hydroxym ethylat ion is CpG-site specific rather than 
occurring over the whole of the lept in prom oter.  Further work is required to 
validate the necessit y of hydroxymethylat ion in the expression of lept in and also 
to confirm  the CpG specific hydroxym ethylat ion levels in 3T3-L1 adipocytes at  
single base resolut ion. 
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Chapter  5 . General Discussion 
Lept in is an im portant  horm one, the full role of which we have yet  to elucidate.  
The lept in prom oter lies within a CpG r ich region and predominant ly cytosines of 
CpG dinucleot ides can be subject  to DNA m ethylat ion.  The role of this 
m odificat ion appears to lie in the regulat ion of gene expression.  Despite this 
knowledge there is lit t le inform at ion regarding DNA m ethylat ion at  the lept in 
prom oter and there have been no reported at tem pts to different iate between the 
t ypes of cytosine m odificat ions that  m ay be present .  The aim  of this thesis was 
to cont ribute inform at ion regarding DNA m ethylat ion at  the lept in prom oter.   
I nvest igat ion of the roles of the individual DNMT enzym es, which are responsible 
for establishing and m aintaining cytosine m ethylat ion pat terns revealed that  
whilst  DNMT1 is regarded as the m aintenance m ethylt ransferase, at  the lept in 
prom oter it  appears that  this DNMT alone is unable to m aintain DNA m ethylat ion 
in the absence of DNMT3a and DNMT3b.  Addit ionally, DNMT3a and DNMT3b 
m ay also cont ribute to m aintenance methylat ion at  the lept in prom oter.  Whilst  it  
is assum ed that  DNA methylat ion pat terns between cytosines of opposing CpG 
dinucleot ides have the same m ethylat ion status, evidence was presented here 
and also in other publicat ions to show that  this is not  always the case. 
Past  reports have suggested that  early life nutr it ion correlates with DNA 
m ethylat ion levels at  the lept in prom oter (Jousse et  al, 2011;  Milagro et  al, 
2009;  Tobi et al, 2009) .  A high fat  prenatal diet  appeared to have no effect  on 
DNA m ethylat ion levels in both visceral and subcutaneous adipose t issue of pigs.  
However, regardless of the t issue type or group, the pig lept in prom oter 
exhibited higher levels of DNA m ethylat ion at  specific CpGs.  This included a CpG 
which located within a C/ EBPĮ t ranscript ion factor binding site.  This has also 
been dem onst rated in hum an and m ouse adipose t issue (Stöger, 2006) .  DNA 
m ethylat ion is usually associated with gene silencing and it  is interest ing that  in 
pr im ary t issues of lept in expression, higher levels of DNA m ethylat ion would be 
observed at  a CpG which is im perat ive to the t ranscript ion of the lept in gene.  
I ndeed, in vit ro, DNA m ethylat ion at  this part icular CpG site leads to down-
regulat ion of lept in prom oter act ivity and these findings m ay be explained by the 
heterogeneous nature of adipose t issue.  The DNA m ethylat ion m ay actually 
correspond to a non-lept in expressing cell type rather than the lept in expressing 
adipocytes.  However, in vit ro different iated m urine adipocytes, with robust  
t ranscript ion of lept in, also revealed high levels of DNA m ethylat ion.  
Furtherm ore, there was no not iceable difference between DNA m ethylat ion levels 
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at  the lept in prom oter in preadipocytes, which do not  express lept in, and 
adipocytes, which do express lept in. 
I n both mESCs and adipocytes, evidence is presented that  lept in expression 
correlates with cytosine hydroxymethylat ion.  Many techniques used to 
invest igate DNA m ethylat ion do not  dist inguish between 5-m C and 5-hm C 
(Huang et  al, 2010;  Nestor et  al, 2010) .  I t  could be the case that  failure to 
dist inguish between these two cytosine m odificat ions has led to an inaccurate 
interpretat ion of data.  These findings m ay explain previous observat ions of DNA 
m ethylat ion at  the lept in prom oter in lept in expressing t issues as several roles 
have been proposed for 5-hm C, including one as a t ranscript ional act ivator 
( reviewed by  Williams et  al, 2011) .  Although in vit ro 5-m C at  specific CpGs of 
the lept in prom oter down-regulates lept in prom oter act ivity (Melzner et  al, 
2002) , the effect  of 5-hm C is yet  to be determ ined.  Prelim inary data presented 
in this thesis suggests that  cytosine hydroxym ethylat ion of the lept in prom oter is 
com pat ible with expression.  However, before this is discussed it  is im portant  to 
address the possibility that  another epigenet ic m odificat ion is responsible for 
regulat ion of lept in expression.  DNA m ethylat ion is one of m any m arkings which 
const itute the epigenet ic landscape and work in concert  to regulate gene 
expression.  The low levels of DNA m ethylat ion at  the lept in prom oter in hum an 
(Stöger, 2006)  and porcine adipose t issue suggest  that  DNA m ethylat ion does 
not  regulate expression of this gene in these species.  Whilst  here it  is suggested 
that  5-m C and 5-hm C play a role in the regulat ion of lept in gene expression in 
m ouse, it  is also a possibilit y  that  5-hm C is m erely an artefact  left  by 
t ranscript ional m achinery and therefore is not  specifically required for gene 
expression.  Data from  the ENCODE project  shows that  m ESCs do not  express 
lept in and are enriched for the repressive histone m arks H3K9me3 and 
H3K27m e3 (Appendix H) .  Histone m odificat ions, either in concert  with or 
independent ly of DNA methylat ion, m ay play a role in regulat ing t ranscript ion 
and expression of lept in.  Tr im ethylated histone m arks which are associated with 
repression of the lept in gene in mESCs are known to st imulate the polycom b 
group protein com plex, PCR2 (Margueron et al, 2009) .  These proteins have an 
im portant  role in the regulat ion of repressive chrom at in states and the act ivity of 
PCR2 can then st imulate t rim ethylat ion of other unm odified residues, thereby 
m ediat ing the silencing process (Margueron et  al, 2009) .  This is one alternat ive 
pathway to DNA m ethylat ion however, specifically in adipocytes, CpG specific 
hydroxym ethylat ion correlates with lept in expression.  I n vit ro, it  has been 
shown that  C/ EBPĮ, which exhibit s higher DNA m ethylat ion levels than other 
CpGs in the region can bind to both an unm ethylated and a methylated (5-m C)  
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binding site (Melzner et  al, 2002;  Rishi et  al, 2010)  but  the specific effect  of a 
hydroxym ethylated binding site is yet  to be determ ined.   
 
Conclusion 
Although the work presented in the thesis focuses only on the lept in prom oter, 
there are several general findings which are im portant  for the invest igat ion of 
DNA m ethylat ion at  any gene.  When performing experiments for DNA 
m ethylat ion analysis, m any studies focus only on one of the st rands of a DNA 
m olecule.  Whilst  the general consensus on the m aintenance of DNA m ethylat ion 
pat terns leads m any to believe that  the opposing CpG dinucleot ides of CpG 
dyads will have the sam e m ethylat ion status, there is evidence presented in this 
thesis and in the work of others to show that  this is not  necessarily the case 
(Arand et  al, 2012) .  Furtherm ore, the prelim inary finding that  
hydroxym ethylat ion of just  one CpG in a st retch of DNA m ay lead to gene 
expression exem plifies the im portance of i)  analysing individual CpGs and ii)  the 
necessit y to different iate between 5-m C and 5-hm C and possibly other cytosine 
m odificat ions.  Even with the development  of techniques which can different iate 
between these two cytosine m odificat ions, many studies current ly choose to 
ignore the ability to different iate between the two.  Dem onst rated here is the 
possibility of opposing roles of these two cytosine m odificat ions.  In order to fully 
advance our knowledge concerning the role of DNA m ethylat ion in the epigenet ic 
landscape it  will be prudent  to invest igate DNA methylat ion pat terns on 
com plem entary st rands, to carefully consider the specific CpGs under analysis 
and to different iate between 5-m C and 5-hm C or any other, addit ional t ypes  of 
cytosine m odificat ions that  are discovered in the future.                                   .   
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Appendices 
Appendix A. Full com posit ion of experim ental diets 
 Control High fat Lactat ion 
Feed stuff % / kg of diet 
Tapioca 28.1 3.1 -  
Rapeseed meal 10.0 10.0 4.0 
Sunflower seed meal 4.0 4.0 2.0 
Soybean hulls 13.0 17.0 2.0 
Sugar beet  pulp 10.0 10.0 2.0 
Palm  oil -  6.6 3.1 
Soybean oil 0.5 0.50 0.97 
Maize -  -  10.0 
Soybean m eal -  -  11.7 
Wheat 10.0 10.0 26.4 
Barley 10.0 10.0 15.0 
Wheat  m iddling’s 15.0 15.0 15.0 
Molasses 4.0 4.0 4.0 
Monocalcium phosphate 0.22 0.22 0.48 
Salt -  -  0.37 
Lim estone 0.50 0.60 1.56 
Prem ixed vitam in and 
m inerals 0.50 0.50 0.50 
Lysine (25% ) 0.17 0.17 -  
Lysine-HCl (L, 79% ) -  -  0.17 
Threonine (L, 98% ) -  -  0.02 
Phytase 0.50 0.50 0.50 
Threonine 15%  2390 0.01 0.01 -  
Sodium  bicarbonate 0.60 0.60 0.16 
Diet  composit ion g/ kg 
Nutr ients  
Ash 64 52 61 
Crude protein 123 122 161 
Crude fat 25 89 63 
Crude fibre 120 121 52 
I D starch and sugar 368 212 367 
Sugar 61 60 59 
Starch 316 161 319 
AI D LYS 4.03 4.12 7.10 
AI D MET 1.57 1.58 2.14 
AI D M+ C 3.20 3.24 4.47 
AI D THR 2.62 2.68 4.29 
AI D TRP 0.98 0.99 1.53 
LYS 5.92 5.98 8.58 
MET 2.07 2.04 2.55 
CYS 2.46 2.46 3.05 
M&C 4.53 4.50 5.60 
THR 4.54 4.50 5.87 
TRP 1.48 1.46 1.96 
I LE 4.37 4.35 6.13 
ARG 7.10 7.04 9.83 
FEN 5.05 5.02 7.35 
HI S 3.16 3.13 4.09 
LEU 7.81 7.76 11.46 
TYR 3.81 3.86 5.15 
VAL 5.84 5.79 7.49 
ALA 5.39 5.27 7.07 
ASP 9.57 9.53 13.53 
GLU 22.04 21.74 32.66 
GLY 6.17 6.26 7.09 
PRO 7.66 7.64 11.08 
SER 5.44 5.46 7.49 
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Ca 6.78 6.70 9.31 
Na 2.00 1.98 2.17 
Ferm  CHO 235 234 145 
I nd. CHO 122 110 80 
Dig. P 2.47 2.41 3.27 
NSP 343 330 209 
Dig. NSP 224 223 132 
dEB 301 280 220 
C18: 2 7.7 14.6 15.7 
C18: 3 1.04 1.22 1.46 
C18: 2+ 3 8.8 15.8 17.1 
C16+ 18> 0 12.59 44.20 33.83 
C16+ 18.0 2.42 30.26 16.92 
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Appendix B. Nutr ient  com posit ion of piglet  diets ( g/ kg)  
 Creep Post- w eaning Grow er Finisher 
Net  energy ( MJ)  10.42 10.04 9.70 9.50 
Ash 57.25 55.54 55.56 48.79 
Crude protein 175.61 175.15 139.98 160.03 
Crude fat 75.08 59.45 49.12 45.74 
Crude fibre 29.11 39.75 44.26 58.09 
I D starch +  sugar 402.20 409.71 416.18 409.96 
Starch 332.54 359.84 378.95 376.09 
AI D LYS 11.33 10.26 8.80 7.16 
AI D MET 4.32 3.54 3.03 2.38 
AI D M+ C 6.67 5.595 5.40 4.68 
AI D THR 6.57 5.86 5.23 4.28 
AI D TRP 2.20 1.94 1.64 1.34 
CA 7.96 7.01 7.01 4.84 
Dig. P 3.87 3.57 2.85 1.88 
NSP 152.33 172.10 179.20 213.70 
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Appendix C. Piglets from  w hich subcutaneous and visceral adipose 
t issue w as collected 
 
Piglet  I D Sow  I D Diet Sex Size 
426 997 cont rol m ale m edium 
523 199 cont rol m ale m edium 
992 125 cont rol m ale m edium 
189 177 cont rol m ale m edium 
324 42 cont rol m ale m edium 
605 545 cont rol fem ale m edium 
969 14 cont rol fem ale m edium 
141 92 high fat  m ale m edium 
560 612 high fat  m ale m edium 
449 52 high fat  fem ale m edium 
655 557 high fat  m ale m edium 
149 231 high fat  fem ale m edium 
445 3 high fat  m ale m edium 
878 89 high fat  m ale m edium 
254 482 high fat  fem ale m edium 
130 92 high fat  fem ale sm all 
146 231 high fat  fem ale sm all 
555 612 high fat  m ale sm all 
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Appendix D. Piglets from  w hich only visceral adipose t issue w as 
collected 
Piglet  I D Sow  I D Diet Sex Size 
151 12 cont rol m ale m edium 
516 199 cont rol m ale sm all 
188 177 cont rol m ale sm all 
150 12 cont rol m ale sm all 
318 42 cont rol m ale sm all 
993 125 cont rol m ale sm all 
654 557 high fat  fem ale sm all 
448 52 high fat  fem ale sm all 
444 3 high fat  m ale sm all 
880 89 high fat  m ale sm all 
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Appendix D. Pig pyrosequencing assay design 
Pig (Sus scrofa)  lept in (Ob) gene 
 LEP 
Prom oter region GenBank:  AF492499.2  
Figure D.1   Structure of the pig lept in gene .  The pig lept in gene consists of two 
exons (black rectangles) .  The green arrow indicates the locat ion of the core 
lept in prom oter for which the pyrosequencing assay was designed.   
 
PCR and Sequencing pr im er locat ion 
Bisulfit e converted sense st rand DNA start ing from  5383bp (GenBank:  
AF492499.2) .  C/ EBPĮ TF binding site is highlighted in green (CpG-5) 
ttgaggaattttCGgttgttattttgttttCGgCGgtCGtttttCGaggCGCGagaggtCGattCGgg
CGttatttCGaggattttttatttttgttagtCGttCGtagtatttttggCGgttattCGagggtgCG
CGCGgagtttttggCGtagCGgagtttttttttCGaggtttCGattagttttgttCGggtttaaCGtt
gtttCGttaggCGgggCGggagttggCGttCGgggtgggttagggtttgtCGggtagttgCGtaagtt
gCGttCGCGCGtttataagaggggagggta 
Location of forward PCR primer 
Location of reverse PCR primer 
Location of sequencing primer 1 CpG 1-3: AAGTTGTTTAGTTAGGAGGGG 
Location of sequencing primer 2 CpG 4-9: GGGTGGGTTAGGGTTTGT 
 
 
 
 
 
 
 
 
 
> > > > > > > > > > > > > > > > > > > > > >  
Exon 1 Exon 2 
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Appendix E.  Mouse pyrosequencing assay lept in ( Ob)  gene 
Mus m usculus lept in gene 
 
 
 
Figure E.1   Structure of the m ouse lept in gene .  The m ouse lept in gene consists 
of three exons (black rectangles) .  The green arrow indicates the locat ion of the 
core lept in prom oter for which both the sense and ant isense pyrosequencing 
assays were designed. 
Sense st rand:  PCR and Sequencing pr im er locat ion 
Bisulfit e converted sense st rand DNA start ing from  chr6: 29059955bp.  C/ EBPĮ 
TF binding site is highlighted in green (CpG-5) . 
TATTTGGATTTTTGGTTATTTTTAATTTTTAATAATTAGTTGAGGTTTTA 
AGATAGAAAGTTGAATTGTTTTGTATTTGTTTTTTTTTATTAGGAATTTA 
ATGATATTTTTGTTTTAATGAAAAAAAAAAAAAAAAAAAATAATAATCGA 
AAATAATAATAATAATAAATTAAATAAATATTGTTTGATTAGGGATAGGT 
TTTTGTTATTTGTTTTTGGGATTGGTTTAGAGTATTTTTAAATATATTTG 
CGATTTTCGAAGTAGGTGTATTTTGTGATGTTATAGGATGAAATGAGACG 
ATTGTTTTTCGGGTATTAAAGGAAGATAAGTTGTTTTGAGTTTGGGATTA 
GTTTTTTTTTTGAGTAGTTAGGTTAGGTATGTAAAGAGTTGTCGGAAAAA 
GTAGTTGGTAGAGTTTTGGTTTATTGGTTTTTTTGTTTTTAAGTTAGTTT 
TTTGTAGTTTTTTGTTTTTTGCGGTGTTGGAAGTATTATTTTAAGGGATT 
CGTTTTTAAATTATCGTTGTTTAGTAGTTGTTGGTCGGATTTCGAGGATT 
ATCGGTTTATATTAAGCGTTTTTAAATTTGTATTCGAGGGCGCGGTTGAA 
GTTTTTTTTCGAGGCGTTTAGAATGGAGTATTAGGTTGTTGTTGTTATTG 
TTGTTGGTTCGTTGGGTGGGGCGGGAGTTGGCGTTCGTAGGGATTGGGGT 
TGGTCGGATAGTTGCGTAAGTGGTATTGGGGTAGTTATAAGAGGGGTAGG 
TAGGTATGGAGTTTCGGAGGGATTTTTGTTTTAGTAGTTGTAAGGTAAGG 
TTCGGGGCGCGTTATTTTTTTTTTTATTAGTTTTTTTAATAGTATTTTAT 
TTAGTTTTGGAAATTAGAGAAATTGAGGTAAGAAGGAGGTTATGTGGATA 
GTTTGGTGTTGAATTTAGTAGTTTTGTAGCGAGGGATTTTGTAGATAGAG 
GGAAGGTTGTTGGGAGTTGAAAGGTATTAAATTTTTGGTTGGGTCGGTTT 
GTGTTTATAGGGTATTAATTTGTTTTTGTAAAGTTAGTTAGGGTTTTAAG 
TTTGTTTTTGGTTTGTAGATTTGAGATGGTTAGGTTTTTTATAGCGTTTA 
GATGGAAAAAGTAAGGTTGGACGTGTAGTGAGGTAGTTATAGTTTTTCGT 
TTTTTTGAAGGTTAGATATAATTTTGTTTTGTTGTTGAGAGTTTATTTTT 
TAGTGAGGGTTTATTT 
 
Forward PCR primer: AGAATGGAGTATTAGGTTGTTGTTGTTA 
 
Sequencing primer 1 (CpG 1-5): GTTGGTTCGTTGGGTG 
Sequencing primer 2 (CpG 6-9): GGTAGGTATGGAGTTT 
 
Reverse PCR primer: CATAACCTCCTTCTTACCTCAATTTCTC 
 
 
 
Exon 2 Exon 3 Exon 1 
LEP > > > > > > > > > > > > > > > > > > > >  > > > > > > > > >  
Genom ebrowser 
chr6: 29059955-29060170 
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Ant isense st rand:  PCR and Sequencing prim er locat ion 
Bisulfit e converted DNA ant isense st rand DNA from  chr6:  29060170bp.  C/ EBPĮ 
TF binding site is highlighted in green (CpG-5) . 
AGGTAGGTTTTTATTGGAAAATGAATTTTTAATAGTAAAGTAAGGTTGTATTTGGTTTTTAGGAAGGC
GGAAAGTTGTGGTTGTTTTATTATACGTTTAGTTTTGTTTTTTTTATTTGAACGTTGTGGGAAATTTA
ATTATTTTAAGTTTGTAGATTAAAGATAGGTTTGGAGTTTTGGTTGGTTTTGTAAGAATAGGTTGGTG
TTTTGTGGGTATAGGTCGGTTTAGTTAGGAATTTAATGTTTTTTAGTTTTTAATAGTTTTTTTTTTGT
TTGTAGAGTTTTTCGTTGTAAAATTATTGAATTTAATATTAAGTTGTTTATATGATTTTTTTTTTGTT
TTAGTTTTTTTAATTTTTAGAGTTGGATGGGGTGTTATTAGAAAGATTGGTGGAGGAGAAAGTAGCGC
GTTTCGGGTTTTATTTTGTAGTTGTTGGAGTAGGGATTTTTTCGGGGTTTTATGTTTGTTTGTTTTTT
TTATAATTGTTTTAGTGTTATTTGCGTAATTGTTCGGTTAGTTTTAGTTTTTGCGAGCGTTAATTTTC
GTTTTATTTAGCGGGTTAGTAATAGTGGTAGTAGTAATTTAGTGTTTTATTTTAGGCGTTTCGAGGGA
GAATTTTAGTCGCGTTTTCGAGTGTAAGTTTGGGGGCGTTTGGTATGAGTCGGTAATTTTCGAGGTTC
GGTTAGTAGTTATTGAGTAGCGGTAGTTTAAGGACGGGTTTTTTGGGATGGTGTTTTTAGTATCGTAG
GGAGTAAGAGGTTATAGAAGGTTGGTTTGGGGATAGGGAGATTAGTGAGTTAGGATTTTGTTAGTTGT
TTTTTTCGATAGTTTTTTGTATATTTAATTTGGTTGTTTAGAGGAGAAATTGGTTTTAAGTTTAGGGT
AATTTGTTTTTTTTTGGTATTCGAAGAATAGTCGTTTTATTTTATTTTGTGATATTATAGAATGTATT
TGTTTCGAAGGTCGTAAGTGTGTTTAGGGATGTTTTGGATTAGTTTTAGGGGTAGGTGGTAAGGGTTT
GTTTTTGATTAAATAATGTTTGTTTGGTTTGTTGTTGTTGTTGTTTTCGGTTGTTGTTTTTTTTTTTT
TTTTTTTTTATTAAGGTAAGAATATTATTGGGTTTTTAATGGGAGGAAATAGATATAGAATAGTTTAG
TTTTTTGTTTTAAAATTTTAGTTAGTTGTTAAGGATTAGAGATAGTTAGGGATTTAGGTG 
 
Forward PCR primer: TGGATGGGGTGTTATTAGAAAGA 
Reverse PCR primer: AGTGTAAGTTTGGGGGGGTTTGGTAT 
Sequencing primer 1 (CpG 9-6): ATTGGTGGAGGAGAAA 
Sequencing primer 2 (CpG 5-1): TTTATAATTGTTTTAGTGTTATTTG 
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Appendix F I ndividual w estern blots for  validat ion of m ESCs 
 
 
 
 
 
 
 
 
Figure F.1  DNMT1  protein expression in m utant  m ESCs.  Western blots 
were perform ed to validate the presence of DNMT1 protein in WT (1) , 
DNMT3a( - / - )  (3) , DNMT3b( - / - ) (4)  and DKO (5)  cells.  DNMT1 protein was 
not  detected in DNMT1s (2)  cells. 
1  2  3  4  5  
2 5 0 k D 
1 5 0 k D 
1 0 0 k D 
7 5 kD 
Figure F.2  DNMT3 a protein expression in mutant  m ESCs.  Western blots 
were perform ed to validate the presence of DNMT3a protein in WT (1) , 
DNMT1s (2)  and DNMT3b( - / - )  (4)  cells.  DNMT3a protein was not  detected 
in DNMT3a( - / - ) (3)  and DKO (5) cells. 
1  2  3  4  5  
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Figure F.3  DNMT3b protein expression in m utant  m ESCs.  Western blots 
were perform ed to validate the presence of DNMT3b protein in WT (1) , 
DNMT1s (2)  and DNMT3a( - / - )  (3)  cells.  DNMT3b protein was not  detected 
in DNMT3b( - / - ) (4)  and DKO (5) cells. 
1  2  3  4  5  
Figure F.4  Histone H3  protein expression in m utant  m ESCs.  Western blots 
were perform ed to validate the presence of H3 protein in WT (1) , DNMT1s 
(2)  and DNMT3a( - / - )  (3)  DNMT3b( - / - ) (4)  and DKO (5)  cells. 
1  2  3  4  5  
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Appendix G.  Am plif icat ion of cDNA tem plates w ith pr im ers specific to 
gDNA. 
 
With the except ion of C/ EBPĮ all r t -PCR prim ers were designed to span int ron 
exon boundaries and therefore would be unable to am plify gDNA.  In the unlikely 
scenario that  they could am plify gDNA, this would produce an am plicon of a 
different  size however, DNAse t reatm ent  was also perform ed to rem ove residual 
gDNA from  sam ples.  The only except ion is the pr im er set  designed to am plify 
C/ EBPĮ.  This gene consists of one exon and therefore int ron-exon boundaries 
could not  be spanned and any residual gDNA would produce an am plicon of the 
sam e size as cDNA.  To determ ine that  all gDNA was rem oved from  tem plates, 
tem plates were am plified with pr im ers specific to gDNA (Figure G.1) .  
 
 
 
 
 
b)  
1  2  3  4  5  6  7  8  9  1 0  1 1  1 2  1 3  1 4  
a)  
1  2  3  4  5  6  7  8  9  
Figure G.1  Amplificat ion of cDNA templates w ith pr im ers specific to gDNA.  
Tem plates were amplified with 5-hm C detect ion pr im ers described in sect ion 
3.2.9 to determ ine that  DNAse t reatm ent  was effect ive in rem oving residual 
gDNA. a)  Mutant  m ESC tem plates Lane 1:  100bp ladder, 2:  No template 
cont rol, 3:  WT, 4:  DNMT1s, 5:  DNMT3a( - / - ), 6:  DNMT3b( - / - ), 7:  DKO, 8:  Control 
sam ple which did not  undergo DNAse t reatment . b)  3T3-L1 tem plates Lane 
1:  No tem plate cont rol, 2:  Undiff 0hrs, 3:  diff 0hrs, 4:  undiff 20hrs, 5:  diff 
20hrs, 6:  undiff 26hrs, 7:  diff 26hrs, 8:  undiff 32hrs, 8:  diff 32 hrs, 9:  undiff 
38hrs, 10:  diff 38hrs, 11:  undiff 96 hrs, 12:  diff 96 hrs, 13:  undiff 192 hrs, 
14:  diff 192 hrs. 
  
157 
 
Appendix H.  ChiP- seq and RNA- seq data from  ENCODE project 
 
 
 
 
 
 
 
 
 
 
Figure H1 . mESC ChI P-seq and RNA-seq data .  Data was mined from  the 
ENCODE project  for various mESC lines and analysed for RNA t ranscripts and 
histone m odificat ions specifically at  the lept in prom oter.  
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Appendix I . Opt im isat ion of oxidat ive pyrosequencing protocol 
I n the first  year of the product ion of this thesis, 5-hm C was re-discovered in 
m am m alian DNA which changed the course of the project .  Unfortunately there 
were few techniques for the locus specific detect ion of 5-hm C, none of which 
allowed base specific resolut ion of this cytosine m odificat ion and so the depth of 
the inform at ion that  could be gathered was restr icted.  Close to the deadline for 
the end of laboratory work for this thesis, two papers were published which 
described techniques for the base specific resolut ion of 5-hm C (Booth et  al, 
2012;  Yu et  al, 2012) .  Booth et  al described the select ive oxidat ion of 5-hm C to 
5- fC using the chem ical potassium  perruthenate which, coupled to bisulfit e 
sequencing, was used to quant ify levels of 5-hm C and also determine the exact  
CpGs in the sequence of interest  that  were hydroxymethylated.  The work 
presented in chapter four provided evidence for the associat ion of lept in 
prom oter hydroxym ethylat ion and lept in expression in different iated of 3T3-L1 
cells.  I n an at tem pt  to determ ine which specific CpGs of the core lept in 
prom oter becam e hydroxym ethylated and the extent  to which they becam e 
hydroxym ethylated the potassium  perruthenate oxidat ion was at tem pted and 
coupled to pyrosequencing to quant ify 5-hm C levels.  At  f irst  glance, it  appeared 
that  this would be a sim ple incubat ion of DNA with potassium perruthenate 
followed by pyrosequencing (Sect ion 4.2.5.2) , however, potassium  perruthenate 
is a difficult  chemical.  I t  is only slight ly soluble in water and degrades above 
40°C ( inform at ion obtained from Sigm a) .   
I n the first  at tem pt  to opt im ise the protocol 2µg gDNA was incubated with 15m M 
potassium  perruthenate in 0.05M NaOH on ice over one hour.  This was followed 
by colum n cleaning the oxidised DNA using the Zym o clean and concentrator 
colum ns.  However, undissolved potassium  perruthenate blocked the columns 
that  were used to clean up the DNA in preparat ion for bisulfit e conversion.   
I n the second at tem pt  the am ount  of undissolved potassium perruthenate was 
reduced by cent r ifugat ion prior to colum n purif icat ion and bigger Qiagen PCR 
purif icat ion colum ns were used.  The oxidised, purif ied DNA was subject  to PCR 
with the prim ers designed to detect  5-hm C (Sect ion 3.2.9)  to determine that  
DNA had survived the purificat ion process.  Pyrosequencing was then at tem pted 
(Sect ion 4.2.5.2)  however a PCR band was not  produced for the oxidised DNA.  
Therefore the quant ificat ion of DNA levels could not  be at tem pted.   
The protocol was repeated, this t im e elut ing tem plate DNA for pyrosequencing 
into 10µl to allow m ore DNA into the PCR react ion.  A band was produced and 
  
159 
 
pyrosequenced however the run was failed because due to low peak height  
(Figure 5.1) .   
 
 
A high cycle PCR was already in use so rather than increasing cycle num ber to 
increase the concent rat ion of the PCR product , 10µg of DNA rather than 2µg was 
oxidised and bisulfite converted so that  m ore DNA could be inserted into the PCR 
react ion.  The PCR react ions were not  consistent , som et im es they were 
successful and som et im es they were not .  The PCR react ions also produced 
pr im er-dim er bands which affected pyrosequencing react ions and so all products 
were purified from  the gel prior to pyrosequencing.  This led to an im provem ent  
in pyrosequencing react ions, however runs were st ill not  com pletely successful 
as the software flagged them as uncertain (Figure 5.2) 
 
 
 
 
 
 
 
 
Figure I .2  Pyrosequencing react ions for  the detect ion of 5 -hmC at  single base 
resolut ion.   Whilst  the unoxidised DNA passed the pyrosequencing run at  most  CpGs 
(above) , KRuO4 oxidised DNA runs were uncertain at  some CpG sites. 
Figure I .1  Pyrosequencing react ions for  the detect ion of 5 - hmC at  single 
base resolut ion.   Whilst  the unoxidised DNA passed the pyrosequencing run 
(above) , KRuO4 oxidised DNA failed (below) . 
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Due to the technical diff icult ies and t ime restraints, it  was decided to cease 
at tem pt ing this experim ent  for this thesis and present  the result s obtained as 
prelim inary data.  
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